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NA61/SHINE Neutrino Program

• Neutrino beam physics 

• NA61/SHINE neutrino program 

• Current and new results 

• Upcoming data sets 

• New opportunities



Neutrino beam physics

• Modern accelerator-based oscillation experiments use “conventional” 
beams: primary protons strike a target, secondary mesons enter a decay 
region, and they decay in flight to neutrinos upstream of a beam stop 

• All have common properties:  

• Predominantly νμ, with νe contamination at the ∼1% level from muon, kaon decays.  

• Even “narrow-band” beams tend to have tails to high energy 

• Fluxes have significant systematic errors
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Flux from a neutrino beam

• Neutrino flux comes from:
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• Also produced from re-interactions of secondary p,π in the target

UNDER-FOCUSED

• Pions, kaons produced directly from primary p+C interactions

• All of these sources of mesons contribute significantly to the 
neutrino flux. 

• Secondary particles from target focused in a series of horns 

• Horns contain substantial amounts of aluminum, which also acts as a secondary target
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Understanding the flux

• Use Monte Carlo techniques to simulate the beam, 
but this is generally a very complicated and 
challenging environment. Uncertainties can be 
large: 20-50% with standard simulation tools.  

• Monte Carlo must simulate: 

• Interaction of proton in target 

• Production of pions, kaons in target 

• Propagation of particles through horn 
(scattering, interactions, field) 

• Propagation through decay volume and loss in 
beam absorber 

• Meson decays to neutrinos, muons

All of these 
require knowing 

hadron interaction 
physics!
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Primary beam energies for current 
and near future LB neutrino beams

 

Hyper-Kamiokande

T2K, T2HK: 31 GeV/c p

NuMI: 120 GeV/c p

LBNF/DUNE: 60-120 GeV/c p
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Understanding a neutrino beam

• Two complementary techniques needed to understand the beam well 
enough to do oscillation measurements 

• Secondary muon monitors for indirect monitoring of pion decays 

• Near neutrino detector 

• Goal is cancellation of flux uncertainties in near/far ratio.  

• Not perfect for constraining flux, due to neutrino cross-section (don’t 
cancel if detectors are different), acceptance/reconstruction 
differences, and parallax effects due to being near an extended 
neutrino source 

• Measurement of pion, kaon production and interactions 

• Essential for measuring neutrino interaction cross-sections 

• Reduces oscillation systematic errors
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Monte Carlo generators

• Neutrino experiments use 
hadronic interaction 
generators including 
FLUKA, GEANT4 with 
various physics lists  

• But these generators have 

very large 

disagreements with one 
another: 20%+ is common, 
or even factors of two for 
kaon production! 

• Very important to have 
constraints on the hadronic 
processes

Flux of FNAL’s NuMI neutrino beam with 
different physics generators

Leonidas Aliaga, PhD dissertation  
College of William and Mary 2016
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Dedicated experiments

• In recent years, a loose program of hadron 
production measurements specifically for 
neutrino experiments has been underway 

• HARP (CERN PS) 

• EMPHATIC (FNAL MI) 

• NA61/SHINE (CERN SPS)

NA61

HARP EMPHATIC

NA61/
SHINE
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NA61: The SPS Heavy Ion and 
Neutrino Experiment

• Fixed-target experiment using 
H2 beam at CERN SPS 

• ~150 collaborators 
• Designed around the former 

NA49 heavy-ion spectrometer 
• Primary proton beam from 

CERN SPS, Secondary beams 
~25 to 350 GeV/c
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NA61: The SPS Heavy Ion and 
Neutrino Experiment

• Diverse physics program includes  

✦Strong interactions/heavy ion physics 
✦Onset of QCD deconfinement 

✦Search for critical point 

✦Open-charm production

✦Hadron production 
for neutrino beams

✦Cosmic ray production 
✦Hadron production for air-shower model predictions 

✦d/d̅ production for AMS experiment 

✦Nuclear fragmentation cross-sections
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NA61/SHINE: a large-acceptance 
multiparticle spectrometer

• Detailed beam instrumentation including PID and tracking before the target 

• Several large-acceptance TPCs, two superconducting analysis magnets  

• Scintillator- and MRPC-based time-of-flight detectors 

• Projectile Spectator Detector: forward hadron calorimeter

FTPC1 FTPC2/3 PSD

ToF-F

NA49

NA61
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Particle identification

• Uses dE/dx in TPCs at 
higher momentum 

• Transitions to TOF at lower p

Particle Identification Performance

17
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Good	particle	identification	including		
Bethe-Bloch	overlap	region

Particle Identification Performance
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NA61/SHINE operational eras

T2K-related 
measurements ???T2K, DUNE

2006-10 2015-18 2022-25

FNAL-related 
measurements

2028-?

Long 
Shutdown 

1
LS2 LS3

• Multi-phase program of hadron production measurements dedicated for 
neutrino physics 

• Major upgrades during each Long Shutdown 

• Plans continue to evolve for future upgrades and operations

First phase Second phase Third phase

TODAY
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Twin approaches: thin- and 
replica-target measurements

• Need thin-target measurements to measure physics cross-sections (total 
inelastic and production cross-sections, and differential spectra), for 
inputs to generators 

• Need measurements on replica (~meter-long) targets of same material 
and geometry as neutrino production targets.  

• Measure both beam survival probability and differential yields.  

• Make measurements specifically for each neutrino beam.  

• Usually use results to re-weight particles in beam MC at surface of 
target

Graphite thin target 
(1.5 cm, 3.1% of λI) 

REPLICA 
TARGETS

T2K
NuMI/NOvA
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• NA61/SHINE took thin- and thick- target data with 30 GeV/c protons specifically for 
T2K in 2007 (thin) 2009 (thin and replica), and 2010 (replica). 

• Eight NA61/SHINE publications have come out of these data sets

NA61/SHINE measurements for 
T2K

THIN TARGET
Total xsec, pion spectra Phys. Rev. C84 034604 

(2011)

K+ spectra Phys. Rev. C85 035210 
(2012)

K0S and Λ0 spectra Phys. Rev. C89 025205 
(2014)

π±,K±, p, K0S, Λ0 
spectra

Eur. Phys. J. C76 84 
(2016)

T2K REPLICA TARGET
methodology, π± yield Nucl. Instrum. Meth. A701 

99-114 (2013)

π± yield Eur. Phys. J. C76 617 
(2016)

π±,K±, p yield Eur. Phys. J. C79 100 
(2019)

p beam survival 
probability

Phys. Rev. D103 
012006 (2021)
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NA61 result: full differential 
yields from T2K replica target

• Eur.Phys.J. C 79 

2, 100 (2019) 

• Showing one 
angle bin of π+ 

for illustration. 

Also have π−, K±, 
p yields

π+ yields (60 ≤ θ < 80 mrad)

0 ≤ z < 18 cm 18 ≤ z < 36 cm 36 ≤ z < 54 cm

54 ≤ z < 72 cm 72 ≤ z < 90 cm z = 90 cm

10

Z1 Z2 Z3

Z4 Z5 Z6
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• Steady improvements to the 
T2K flux prediction 
(described in Phys.Rev. D87 
(2013) no.1, 012001 and 
J.Phys.Conf.Ser. 888 (2017) 
no.1, 012064) as more NA61 
data sets have been 
incorporated:  

• first thin-target 

• 2009 replica 

• 2010 replica data set 
(which added statistics 
and included kaon 
yields)

NA61/SHINE measurements for 
T2K
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2015-18: A second phase of 
NA61 neutrino measurements

• Motivation: new coverage will be 
needed for DUNE, can help existing 
experiments as well in shorter term 

• Project made specific upgrades: 

• Forward tracking system filled 
hole in zero-angle acceptance 

• New tandem TPC concept for 
rejecting out-of-time tracks: 
JINST 15 (07), P07013  

• New readout electronics for time-
of-flight detector 

• Data collected in 2015-18 for this 
program 

Forward TPC field cage 
during assembly
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Event display  

VERTEX TPC 1 VERTEX TPC 2
GAP 
TPC

MAIN TPC 
LEFT

MAIN TPC 
RIGHT

TOF 
WALLS

TARGET
FORWARD 

TPC 1
FORWARD 

TPC 2,3

120 GeV p+C
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NA61 2016-17 neutrino data 
Thin targets

2016 2017

p + C @ 120 GeV/c π+ + Al @ 60GeV/c

p + Be @ 120 GeV/c π+ + C @ 30 GeV/c

p + C @ 60 GeV/c π- + C @ 60 GeV/c

p + Al @ 60 GeV/c p + C @ 120 GeV/c (w FTPCs)

p + Be @ 60 GeV/c p + Be @ 120 GeV/c (w FTPCs)

π+ + C @ 60GeV/c p + C @ 90 GeV/c (w FTPCs)

π+ + Be @ 60 GeV/c

• Full particle yields and spectra from these data sets 

• Goal with these measurements is to span the phase space of primary and 
secondary interactions in neutrino targets and surrounding materials 

• Each measurement becomes a point for interpolation in MC generators

Published (   no spectra) Publication in progress Advanced analysis
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Results on spectra from thin-
target p+C @ 120 GeV

• This data set is high priority: represents the primary 
proton interaction in NuMI/NOvA/MINERvA. 

• Relies on new Forward TPCs to see elastic, quasi-
elastic events 

• New tracking algorithm is used for integrating the 
FTPCs into the analysis:  

• Cellular automaton-based local tracking with 
Kalman filter for global track fit  

• Charged and neutral particle yields from ~3 million 
interactions

19/31

NA61 / SHINE V0 Analysis Overview

● Reconstruct collection of V0 
candidates using V0 finder & fitter 
algorithms

● Calculate neutral kinematics using 
decay product assumption

● Improve purity of V0 sample by 
applying selection cuts 

● Fit invariant mass distributions for 
signal yield

● Calculate & apply bin-by-bin Monte 
Carlo corrections 

● Calculate multiplicities

● This analysis: Two independent data 
sets collected

– Different detector configurations: 
magnetic field, more TPCs
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K0S invariant mass fits

• 2016: Higher magnetic field, no forward TPCs 

• 2017: Lower magnetic field, full forward TPC system
23/31

K0
S
 Invariant Mass Fits

2016 2017

B. Rumberger
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Neutral hadron multiplicity 
measurements published last year

• 2016 and 2017 combined to optimize resolution while 
increasing phase space coverage

PHYSICAL REVIEW D 107, 072004 (2023)

24



Charged hadron multiplicities: 
published last year

• Measured multiplicities: π+, π−, p, 
p̅, K+, K−  

• Neutral hadron multiplicities used 
to estimate backgrounds from 
with weak neutral decay products  

• Two complementary data sets 
again combined for final 
multiplicity result  

• Results will soon be used to 
reduce DUNE beam flux 
uncertainties  

• 2016, 2017 data sets combined

PHYSICAL REVIEW D 108, 0720-013 (2023)
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p+C 90 GeV/c

• Differential multiplicities for 
the charged and neutral 
analysis of the p+C 90 GeV/c 
dataset 

• Newest NA61 result - 
publication in progress 

• One angular bin for selected 
samples shown 

• Have results on π±, K±, p, p̅, 
K0S, Λ, Λ̅

2017 pC90 Data
FTFP_BERT
QGSP_BERT
FTF_BIC
QBBC
geant4-10-07
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PPFX: Package to Predict FluX

• Developed by the MINERvA collaboration for the 
NuMI beam 

• Experiment-independent neutrino flux 
determination package for the Neutrinos at the Main 
Injector (NuMI) beam  

• MINERvA Collaboration, Phys. Rev. D 94, 092005, 
Leonidas Aliaga Soplin, PhD thesis 

• Provides hadron production corrections and 
propagate uncertainties  

• Uses external hadron production data

L. Ren
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PPFX: Package to Predict FluX
L. Ren

●Total hadron production uncertainty includes: 

○Pion production (proton + carbon) 

○Kaon production (proton + carbon) 

○Pion production (neutron + carbon) 

○Nucleon production (proton + carbon) 

○Meson incident interactions 

○Nucleon incident interactions 

○Absorption outside the target 

○Absorption inside the target 

○Others not covered by below categories 

        

NA61 p+C 120 GeV/c results can 

address the red items 

Current PPFX uncertainty using data 
sets scaled to NuMI parameters

Expect updated PPFX predictions in a few months!
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Coming soon: measurements 
with NuMI replica target

• Took high 
statistics (18M 
events) in 2018 
with 120 GeV 
protons 

• Analysis 
underway on 
hadron yields 
from this target 

• Calibration in 
progress for 
this data set

Event display from data

NuMI replica installed 
at NA61/SHINE
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NuMI target analysis

• Calibration of detectors underway 

• Complicated geometry of the target, 
with azimuthal dependence 

• NA61 acceptance is not uniform due to 
dipole analysis magnet!

NA61 geometric acceptance 
N. Bostan, NA61 work in progress 

NA61 MC model of NuMI/NoVA target 
D. Battaglia, NA61 work in progress 

30



Third phase: upgraded detector

• Many major detector upgrades recently completed: 

• New forward Projectile Spectator Detector module, 
reconfiguration of existing detector 

• Replacement of old TPC electronics with system from ALICE 

• New silicon vertex detector for open charm studies 

• RPC-based replacement for TOF-L/R walls 

• New beam position detectors 

• New trigger/DAQ, combined with new electronics, will give a 
major upgrade in data collection rate (~100 Hz → ~1 kHz)

TPC front-end cards
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Data collection: now and near 
future

• Data collection is underway!  

• 31 GeV/c protons on T2K replica-target: collected 180M events 
(nearly 20x 2010 statistics) to measure high-momentum kaon yields 

• Kaon scattering with thin targets for secondary interaction 
modeling. In 2023, took: 

• K+C @ 60GeV: 137.7 M 

• Higher statistics at 120 GeV/c: 

• p + Ti @ 120 GeV: 111.7 M 

• p + C @ 120 GeV: 82.4 M
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Data collection: now and near 
future

• LBNF/DUNE prototype target (2024)  

• Target designed and built by RAL targetry 
group to expected dimensions of LBNF/DUNE 
target: 1.5 m long 

• Took 250M events summer 2024 

• 2025 data: exploring most useful configuration; may run with partial 
target 
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Long-target tracker

• A leading systematic error with the T2K replica 
target has been extrapolation of shallow-angle 
tracks backward to the target surface 

• Additional small TPC built at KFKI/Wigner in 
Budapest  

• Sits at the end of the target to measure exit 
point of tracks more precisely

T2K Replica Target Results (Systematic Uncertainties)
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Y. Nagai

T2K Replica Target Results (Systematic Uncertainties)
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Future after 2025: low-energy 
beam? 

• Many groups are interested in hadron 
production with beams in the 1-20 GeV 
region, below the range the current H2 
beam is capable of providing 

• Potential significant improvement in 
atmospheric neutrino flux prediction 

• FNAL Booster Neutrino Beam 

• T2K/HyperK secondary interactions 

• Spallation sources, cosmic rays, 
others… Figure 8: Atmospheric neutrino flux uncertainties come from the p + N ! ⇡± + X process for muon neutrinos

(top-left), muon antineutrinos (top-right), electron neutrinos (bottom-left), and electron antineutrinos (bottom-right).
Only the uncertainties due to < 30 GeV hadronic interactions are considered. Each plot shows uncertainty with and
without new low-E NA61/SHINE measurements.

3.3 Physics Impact

Here we discuss only uncertainties regarding pion production since it is the dominant source for the region
of interest as shown in Figure 6, in particular, lines A, C and D which correspond to interactions with proton
beams at below 8 GeV or 8-15 GeV. To evaluate the physics impact, we assume the next conditions:

• For the phase-space covered by HARP high angle datasets, we assign 30% of uncertainty3 based on
the flux calculation procedure of the Bartol group [10].

• For the phase-space inside of low-E NA61/SHINE dataset, we assign 5% of uncertainty4.

• For the phase-space outside of HARP high angle and low-E NA61/SHINE datasets, we assign 40%
of uncertainty.

Assuming we conduct four new measurements at 3 GeV, 5 GeV, 8 GeV, and 12 GeV utilizing low-E beamline
configuration with NA61/SHINE, we found that we can significantly reduce the flux uncertainty as shown
in Figure 8. Note that the current uncertainty in these plots includes improvement achieved after the
estimation of Figure 6, thus current uncertainty on pion production in these plots is smaller than Figure 6.

At last, we discuss impact of the uncertainty reduction on the atmospheric neutrino flux for the �CP

parameter. Figure 9 shows ratio of atmospheric electron neutrino (Left) and electron antineutrino (Right)
flux for various �CP values (-1/2⇡ in red, 1/2⇡ in green, and ⇡ in blue) to the nominal flux (�CP = 0 in black).
For the region between 200 MeV and 600 MeV, the enhancement (suppression) of the flux for electron

3 This comes from the self-inconsistency of two HARP analyses (Official HARP and HARP-CDP analyses). More detail is
available in this presentation: https://indico.cern.ch/event/35150

4 We assume the same precision on low-E measurements as past pC@31 GeV/c analysis in NA61/SHINE [7].
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Preliminary

L. Cook (Bartol Group) atmospheric neutrino flux

Figure 3: The expected improvement of the unconstrained interactions in the T2K near detector flux under the
assumption of charged pion interaction measurements at the low-E beamline with a precision similar to the already
performed pC@31 GeV/c measurements [7].

Energy [GeV] Process Error report Covariance Matrix Experiment (year)
3, 5, 8, 12 p+C ! ⇡±,K±, p stat. and syst. errors No HARP (2009)

6.4, 12.3, 17.5 p+Be ! ⇡± only total error No E910 (2008)
14.6 p+Al ! ⇡±,K± only stat. error No E802 (1991)

Table 1: Past hadron production datasets relevant to the momentum range of the low-E beamline project.

3 Atmospheric Neutrinos

3.1 Physics Motivation

The flux of atmospheric neutrinos ranges from about 100 MeV to above 10 TeV. Among these atmospheric
neutrinos, 0.1-1 GeV and 1-10 GeV neutrinos are sensitive to �CP and sign(�m2

32), respectively. Mea-
surements of atmospheric neutrino oscillations with these energy ranges are possible with running and
future atmospheric experiments (Super-K, Hyper-K, and DUNE), and we focus on neutrinos ranging from
100 MeV up to 10 GeV.

One challenge on such measurements comes from limited knowledge of the atmospheric neutrino flux
which predominately comes from uncertainty on hadron production of neutrino parents, particularly pions.
To constrain uncertainties coming from hadron production, the predicted atmospheric neutrino flux is
reweighed for each interaction of the form p+N ! ⇡++X according to hadron production data whenever
available.

Table 1 shows corresponding datasets relevant to beam momentum range in consideration. As summarized
in the table, some experiments did not report statistical and systematic uncertainty separately. Moreover,
none of the past experiments provided a covariance matrix for the error estimation. These are essential to
precisely evaluate uncertainty and its correlations for the atmospheric neutrino flux calculation. The current
flux calculation needs to assign a conservatively large error on hadron production in the atmosphere due to
insufficient information. It is also important to mention that data coverage to relevant atmospheric neutrino
production phase-space is rather coarse as shown in Figure 4. To extend the coverage, it is necessary to
extrapolate existing data points to another energy point (e.g. BMPT fit [11]), as well as A-scaling (e.g.
C!N) to take into account target nuclear difference with an empirical fit.

7

T2K/HyperK wrong-sign flux uncertainties
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Principle of a low-energy beam 
for NA61/SHINE

• New beam design by CERN beam group in collaboration with NA61/SHINE. 

• Goal is to have beam available after (or even before) the next Long Shutdown  

• Preparing a new organizational structure to seek funding for this project

Low-Energy Beamline at NA61/SHINE

58
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NA61/SHINE++  
Opportunities beyond 2025

• Interested in low-energy data at NA61/SHINE? 

• Or in other possible new beam/target combinations? Current 
beam will still be available. 

• Open workshop “NA61++/SHINE: Physics Opportunities from 
Ions to Pions” was held in December 2022 at CERN - and we are 
still looking for new ideas and new people  

• INDICO: https://indico.cern.ch/event/1174830/

• Atmospheric neutrino flux 
• T2K/HK beam-related physics 
• DUNE  beam-related physics

•Booster Neutrino Beam 
•New target materials 
•COMET 
•JSNS2

and much more!
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Conclusions 

• NA61/SHINE has provided unique and critical data to support the 
global neutrino program 

• Efforts have reduced T2K’s flux errors by factors of 4+ 

• A new set of analyses is coming out, geared toward the current 
Fermilab program 

• Took data summer 2024 with LBNF/DUNE prototype target 

• Low-energy beam and other future options under study 

Speaker supported by US Department of Energy
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Thin-target results: 
p+C @ 30 GeV

• One angle bin shown here for illustration 

• MC generators fail badly for kaons and protons 

• Published in Eur. Phys. J. C76 84 (2016): also contains yields of 
negative particles and neutral strange particles (V0).

Thin Target Results

28
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Replica-target measurements

• Exact target geometry of a particular neutrino beam (T2K: 
90cm cylinder, NuMI/NOvA: 120cm of graphite fins) 

• Most events have primary and secondary interactions in 
the target 

• Measure particle yields vs not only p and θ, but also exit z 
along target (and possibly φ for targets like NuMI’s that 
aren’t cylindrically symmetric) 

• Also measure beam particle survival as additional 
constraint on σprod 

• In neutrino beam MC, apply weights to particles at surface 
of target in the simulation
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External measurements of 
meson production

• Until recently, depended on 
fits to multiple measurements 
at different labs with different 
beam energies 

• These measurements were 
made many years ago for 
other purposes, and had 
varying applicability to 
neutrino beams 

• Significant issues with 
combining systematic errors 
across very different 
experiments 

• Model dependence in 
extrapolating from different 
energies, target nuclei
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NA61 acceptance

• NA61 setup before 2017 had a hole in the acceptance where the beam 
passes through 

• Hole due to heavy ion needs: intense beam can’t go through 
chambers
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Forward TPCs
• New TPCs have been built for the neutrino program to fill the hole and 

complete the acceptance in the forward region 

• Low-mass design with light plastic frame and thin printed Kapton field 
cage; FTPC1 removable for heavy-ion running 

• Uses same electronics as other TPCs 

• High rates in beam region drove development of new “Tandem TPC” 
concept. Paper published JINST 15 (07), P07013 

• Out-of-time tracks in a TPC are reconstructed as shifted in drift 
direction 

• Successive field volumes have opposite drift direction: out-of-
time tracks appear discontinuous and can be easily rejected 

Arrows indicate drift direction
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New! p+C and p+Al @ 60 GeV/c

• K0S,  Λ, Λ̅ spectra from p+C @ 60 GeV/c 

• Showing one angle bin
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New! p+C and p+Al @ 60 GeV/c
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• π+, K+, p spectra from p+C @ 60 GeV/c 

• Showing one angle bin
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NA61 acceptance

• NA61 setup before 2017 had a hole in the acceptance where the beam 
passes through 

• Hole due to heavy ion needs: intense beam can’t go through 
chambers
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spectra

• Example: π++C @ 60 GeV (Phys.Rev. D100 112004 (2019)) 

• Measured differential production yields (positively-charged 
shown, also measured negatives)
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Thin-target neutral hadron 
spectra

• Analysis of decays in flight using “V0” events: displaced vertex 
of two oppositely-charged particles. 

• Visualize the events using Armenteros-Podolansky plots

<latexit sha1_base64="Tan+bI2SRy8HF174jerDysdcmAk="></latexit>

↵ ⌘ p+L � p�L
p+L + p�L

• Plot track pT vs V 
trajectory against 
longitudinal 
momentum 
asymmetry of the 
tracks

K0S→π+π−

Λ0→pπ−Λ̅0→p̅π+

S. Johnson
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Figure 1.1: The NA61/SHINE experimental apparatus. The new US-contributed forward tracking

detectors are indicated as FTPC1 and FTPC2/3.
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Figure 1.2: Acceptance of the NA61 spectrometer for charged pions with a B-Field of 4.63
T-m (half of the maximum value). Particles were not simulated in the white regions. The
plot on the left only includes track hits in the vertex TPCS, Gap TPC, and Main TPCs.
The plot on the right also includes hits in the newly installed FTPCs.

1.2 Scope of the US NA61 program

Four US groups (Colorado, Fermilab, Los Alamos, and Pittsburgh) joined NA61 (as limited
collaborators in 2012, and full members in 2014) for the purpose of making measurements to
improve neutrino flux predictions in US-based beam experiments. The US-NA61 program
was funded by DOE from 2014 as a project that covered common funds and two major
hardware upgrade projects led by US collaborators. The funding model is in transition this

3

Original NA61 acceptance

Measurements for LBNF/DUNE 
flux: acceptance with new FTPCs

• New forward TPCs make measurements of important secondary protons possible 

• Acceptance is now well-matched to secondaries that generate neutrinos in DUNE (and 
NuMI too!) 

• First analysis with new Forward TPCs (120 GeV/c protons on thin graphite target) is 
expected in the next couple of months
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Figure 1.1: The NA61/SHINE experimental apparatus. The new US-contributed forward tracking

detectors are indicated as FTPC1 and FTPC2/3.
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Figure 1.2: Acceptance of the NA61 spectrometer for charged pions with a B-Field of 4.63
T-m (half of the maximum value). Particles were not simulated in the white regions. The
plot on the left only includes track hits in the vertex TPCS, Gap TPC, and Main TPCs.
The plot on the right also includes hits in the newly installed FTPCs.

1.2 Scope of the US NA61 program

Four US groups (Colorado, Fermilab, Los Alamos, and Pittsburgh) joined NA61 (as limited
collaborators in 2012, and full members in 2014) for the purpose of making measurements to
improve neutrino flux predictions in US-based beam experiments. The US-NA61 program
was funded by DOE from 2014 as a project that covered common funds and two major
hardware upgrade projects led by US collaborators. The funding model is in transition this

3

π+ producing νμ π− producing νμ̅

K+ producing νμ p producing νμ
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New! p+C and p+Al @ 60 GeV/c

• Left to right: K0S,  Λ, Λ̅ spectra  

• Showing one angle bin
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New! p+C and p+Al @ 60 GeV/c
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• Left to right: π+, K+, p spectra 

• Showing one angle bin
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Λ Invariant Mass Fits

2016 2017

25/31

Λ Invariant Mass Fits

2016 2017

Λ0

Λ̅0

B. Rumberger

B. Rumberger

120 GeV p+C
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Meson production

• T2K example: 
pion production 
phase space 
relevant for 
neutrino 
production 

• p and θ are the 
momentum and 
angle in the lab 
framep [GeV/c]
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Equivalent result in T2K 
neutrino flux

• T2K beam simulation based on replica-target resultsT2K Replica Target Results

31
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Thin-target measurements

• We study single interactions with a thin target 

• Target is a few percent of an interaction length 

• Total cross-section definition: 

• σtotal = σel + σinel 

• quasi-elastic: target nucleus breaks up 

• production: new hadrons produced 

• (Careful: some collaborations use subtly different 
definitions!)

= σqe + σprod
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Thin-target measurements

• Also measure differential yields (spectrum): d2n/dpdθ 
for each measurable daughter particle (π±, K±, p, K0, 

Λ0) 

• Use measured σprod to relate the yields to the 
differential cross-section d2σ/dpdθ = σprod ·d2n/dpdθ 

• We can then use these to calculate weights for each 
interaction in a neutrino beam Monte Carlo: 
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New tracking development

• Tracking has to work not only in low-multiplicity 
environment but also for NA61's heavy-ion data 

• High speed needed for online reconstruction in post-
LS2 running 

• Local tracks within a chamber are formed by a 
cellular automaton algorithm that links all possible 
track-hit combinations and then filters for least-
“jumpy” paths

11/22

Algorithm works 
in Several steps:

1) Link 
construction

2) Link filtering

3) Track 
candidate 
organization

4) Local track 
fitting

5) Local track 
merging

Close-up:

F
ilte
rin
g

VTPC1 Clusters & links (XZ Plane)

LinksVTPC1 Clusters & links (XZ Plane)

CA Tracking in SHINE
B. Rumberger
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New tracking development

• Local track segments are merged into global tracks 

• Overall track finding efficiency >99% for low-
multiplicity events 

• Track parameters are fitted using Kalman filter
Reconstruction Performance

● Low-multiplicity: 
>99% efficiency,
|p| > 1 GeV/c

● Low-multiplicity: 
~150 milliseconds 
per event for local 
tracking

● High-multiplicity: 
>97% efficiency,
|p| > 1 GeV/c

● High-multiplicity: 
~2.5 seconds per 
event for local 
tracking

Track Finding Efficiency (1 = 100%)

(Low-Multiplicity Events)

(High-Multiplicity Events)

B. Rumberger

Local tracks

Merged global tracks

Main vertex and 
vertex tracks
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Latest results for T2K replica 
target

• Direct measurement of the production cross-section by 
measuring beam proton survival probability in the 90cm T2K 
replica target 

• Used a special run with high vertex magnet field (Forward TPCs 
were not built yet) to bend beam protons into the main TPC

• A. Acharya et al., 
Phys. Rev. D103 
(2021) 1, 012006
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Thin-target neutral hadron 
spectra

• Yields of neutral 
kaons, Λ from 
specific kinematic 
bins

Thin Target: Neutral Hadron Production

49
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to be part of the signal. The parameters, θ, include cs as
well as the signal parameters, θs, discussed in Sec. V B 1
and the background parameters, θbg, which are the coef-
ficients of the second degree polynomial. After obtaining cs
from the fits, the raw yield of signal particles is calculated
with yraw ¼ csNV0 Candidates.
Figures 8 and 9 show example fits to K0

S and Λ invariant
mass distributions from the πþ þ C at 60 GeV=c data set.
Averaging over the fit results for all kinematic bins, the
observed K0

S mass was 498.7 MeV=c2, which is slightly
higher than the known value of 497.6 MeV=c2 [24]. The
average of the widths of the invariant mass distributions
was observed to be 17 MeV=c2. The Λ and Λ̄ masses were
both observed to be 1; 117 MeV=c2, slightly higher than
the known value of 1; 116 MeV=c2 [24]. The widths of the
Λ and Λ̄ distributions were found to be 6 MeV=c2 and
7 MeV=c2, respectively. These small discrepancies in the
masses compared to the known values are likely due to
small biases in the momentum reconstruction of tracks.

C. Corrections

The raw yields obtained from the fits discussed in the
previous section must be corrected for systematic effects.
These can roughly be categorized into several effects:

branching ratio of the decay, detector acceptance, feed-
down corrections, reconstruction efficiency and selection
efficiency. The combined effect of these individual effects
can be estimated as a single correction factor from
Monte Carlo simulations. Using K0

S as an example, the
correction factor for kinematic bin i is given by

ci ¼
NðsimulatedK0

SÞ
Nðselected; reconstructedK0

SÞ
¼ cBR × cacc: × cfeed-down × crec:eff: × csel:eff:: ð22Þ

The correction factors are calculated in the analogous way
for Λ and Λ̄. The correction factors are obtained from the
MC production using the FTFP_BERT physics list.

VI. ANALYSIS OF CHARGED HADRON SPECTRA

The analysis of produced charged hadrons is performed
with a dE/dx analysis, which uses energy loss measured by
the TPCs to separate particle species for both positively and
negatively charged tracks. In particular, it was possible to
measure spectra of produced πþ, π−, Kþ, K− and protons
with this method. Compared to past analyses of interactions
of 31 GeV=c protons with a thin carbon target [2,3,5], in
which the ToF-forward wall was used, in this analysis,

FIG. 8. Example fit to the K0
S invariant mass distribution in

πþ þ C at 60 GeV=c data for an example kinematic bin. Theminv
distribution and the fitted model is shown in the top. The residuals
of the fit are shown on the bottom.

FIG. 9. Example fit to the Λ invariant mass distribution in
πþ þ C at 60 GeV=c data for an example kinematic bin. Theminv
distribution and the fitted model is shown on the top. The
residuals of the fit are shown on the bottom.
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Thin-target charged hadron 
spectra

• Example: π++C @ 60 GeV (Phys.Rev. D100 112004 (2019)) 

• dE/dx yields from TPC tracks and PIT fit for one p,θ bin
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⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

e+
<latexit sha1_base64="JO8KGREu6+fGwBZLZY8Y8wDwwdg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+84t5dlKvXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPkvI2I</latexit>

Positively	charged	
tracks

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>
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Thin-target neutral hadron 
spectra

• Yields of neutral kaons, Λ, Λ̅ from specific angle bin
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EVRdfcVU U WWVcV_e R ac UfTe _ j V Ud !⇡+ +C@60 GeV

H jd JVg <*))% **+))- !+)*2

K0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

⇤̄
<latexit sha1_base64="8eXAZNoHeHkM7zG+1p3tRlXgVr4=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxoWLCvYBTSg3k2k7dDKJM5NCCf0ONy4UcevHuPNvnLZZaOuBgcM553LvnCDhTGnH+bYKa+sbm1vF7dLO7t7+QfnwqKXiVBLaJDGPZSdARTkTtKmZ5rSTSIpRwGk7GN3O/PaYSsVi8agnCfUjHAjWZwS1kXwvQJl59yYf4rRXrjhVZw57lbg5qUCORq/85YUxSSMqNOGoVNd1Eu1nKDUjnE5LXqpogmSEA9o1VGBElZ/Nj57aZ0YJ7X4szRPanqu/JzKMlJpEgUlGqIdq2ZuJ/3ndVPev/YyJJNVUkMWifsptHduzBuyQSUo0nxiCRDJzq02GKJFo01PJlOAuf3mVtGpV96Jae7is1G/yOopwAqdwDi5cQR3uoAFNIPAEz/AKb9bYerHerY9FtGDlM8fwB9bnD9lYkiY=</latexit>

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>
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EVRdfcVU U WWVcV_e R ac UfTe _ j V Ud !⇡+ +C@60 GeV

H jd JVg <*))% **+))- !+)*2

K0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

⇤̄
<latexit sha1_base64="8eXAZNoHeHkM7zG+1p3tRlXgVr4=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxoWLCvYBTSg3k2k7dDKJM5NCCf0ONy4UcevHuPNvnLZZaOuBgcM553LvnCDhTGnH+bYKa+sbm1vF7dLO7t7+QfnwqKXiVBLaJDGPZSdARTkTtKmZ5rSTSIpRwGk7GN3O/PaYSsVi8agnCfUjHAjWZwS1kXwvQJl59yYf4rRXrjhVZw57lbg5qUCORq/85YUxSSMqNOGoVNd1Eu1nKDUjnE5LXqpogmSEA9o1VGBElZ/Nj57aZ0YJ7X4szRPanqu/JzKMlJpEgUlGqIdq2ZuJ/3ndVPev/YyJJNVUkMWifsptHduzBuyQSUo0nxiCRDJzq02GKJFo01PJlOAuf3mVtGpV96Jae7is1G/yOopwAqdwDi5cQR3uoAFNIPAEz/AKb9bYerHerY9FtGDlM8fwB9bnD9lYkiY=</latexit>

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>
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EVRdfcVU U WWVcV_e R ac UfTe _ j V Ud !⇡+ +C@60 GeV

H jd JVg <*))% **+))- !+)*2

K0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

⇤̄
<latexit sha1_base64="8eXAZNoHeHkM7zG+1p3tRlXgVr4=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxoWLCvYBTSg3k2k7dDKJM5NCCf0ONy4UcevHuPNvnLZZaOuBgcM553LvnCDhTGnH+bYKa+sbm1vF7dLO7t7+QfnwqKXiVBLaJDGPZSdARTkTtKmZ5rSTSIpRwGk7GN3O/PaYSsVi8agnCfUjHAjWZwS1kXwvQJl59yYf4rRXrjhVZw57lbg5qUCORq/85YUxSSMqNOGoVNd1Eu1nKDUjnE5LXqpogmSEA9o1VGBElZ/Nj57aZ0YJ7X4szRPanqu/JzKMlJpEgUlGqIdq2ZuJ/3ndVPev/YyJJNVUkMWifsptHduzBuyQSUo0nxiCRDJzq02GKJFo01PJlOAuf3mVtGpV96Jae7is1G/yOopwAqdwDi5cQR3uoAFNIPAEz/AKb9bYerHerY9FtGDlM8fwB9bnD9lYkiY=</latexit>

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>

• Phys.Rev. D100 112004 (2019)
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Data available now to PPFX
● Thin target experiments  

○ Inelastic cross section  
■ Belletini, Denisov, etc. cross sections of pC, πC, πAl etc 
■ NA49: pC @ 158 GeV 
■ NA61 pC @ 31 GeV 

○ Hadron Production 
■ Barton: pC → π ±X @ 100 GeV xF > 0.3  

■ NA49: pC → π ±X @ 158 GeV xF < 0.5  

■ NA49: pC → n(p)X @ 158 GeV for xF < 0.95  

■ NA49: pC → K ±X @ 158 GeV for xF < 0.2  

■ NA61: pC → π ±X @ 31 GeV 

■ MIPP: π/K from pC at 120 GeV for pZ > 20GeV/c 

● Thick targets experiments  (off by default) 
○ MIPP: proton on a spare NuMI target at 120 GeV 

■  π ± up to 80 GeV/c.  

■ K/π for > 20 GeV/c.

65
Detailed descriptions in Section 4.3.-4.5 of 
Leo’s  thesis) 

https://inspirehep.net/files/cd2ae10fa34e1e184e3568c1773ad986
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