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NA61/SHINE Neutrino Program

• Neutrino oscillation physics 

• Neutrino beam physics 

• NA61/SHINE neutrino program 

• Current and new results 

• Upcoming data sets 

• New opportunities



• ASSUME: 

• Two neutrinos (simpler than three) 

• Massive, but masses are non-degenerate 

• Mass eigenstates are NOT the same as flavor eigenstates 

• This is a quantum-mechanical two-state system: 

• ν
1
 and ν

2
 phases rotate at different rates: 

• So, starting at t=0 with one flavor: 

• The state evolves a component of the other flavor:

(

νe

νµ

)

=

(

cos θ sin θ

− sin θ cos θ

) (

ν1

ν2

)

|ν1⟩ → e
−im1t|ν1⟩ (h̄ = c = 1)

|ψ(0)⟩ = |νe⟩ = cos θ|ν1⟩ + sin θ|ν2⟩

|ψ(t)⟩ = cos θe−im1t|ν1⟩ + sin θe−im2t|ν2⟩

Flavor basis Mass basis

Neutrino Oscillations



• Solving and plugging in sensible units, probability of measuring 
νμ if state was created as νe: 

• L = flight distance (km); E = neutrino energy (GeV); m = mass (eV/c2)

P (νe → νµ) = sin2 2θ sin2(1.27∆m
2
L

E
)

Mass splittings are such that at accessible energies, oscillation phenomena 
generally occur at terrestrial or astronomical distance scales.

Neutrino Oscillations



Character of the parameters

• Matrix is characterized by large mixing angles (unlike the quark 

sector) 

• Hierarchy of masses: one mass splitting is about 30 times the other.  

We do not know, however, what the order is or whether there’s a 

significant offset from zero.

“NORMAL” ORDERING “INVERTED” ORDERING



Neutrino oscillation 
experiments

• Experiments using accelerator beams start with muon neutrinos, 
and the relevant Δm2 is Δm232 (the “atmospheric” scale), which puts 
the first oscillation maximum at ~500 km for 1 GeV neutrinos 

• Compare event rates at far sites to expectations: Appearance of 
electron neutrinos and disappearance of muon neutrinos are the 
main experimental signatures. Ignoring matter effects: 

• Long-baseline neutrino experiments are now studying the mass 
hierarchy and searching for CP violation in neutrino oscillations
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Long baseline accelerator-based experiments are sensitive to: 

• Atmospheric parameters (θ23, Δm322) through !" disappearance

• (θ13, δCP) depends on the !e/!e appearance

Oscillations measurements at T2K

In the case of T2K δCP change the appearance probability 
by ±30% while the mass ordering has a ~10% effects

Ciro Riccio, Naples U. & INFN | WIN2019
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How to make a neutrino beam

• Modern long-baseline 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 

• Fifty-plus-year history of these beams! 

• Numerous variants on the conventional beam: narrow-band, broad-band, 
off-axis… 

• 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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Targets

• Target must be ∼2 λ0 in beam direction, to maximize interactions 

• Should be wide enough to contain the primary beam, but narrow enough to allow 
interaction products with average pT to escape the side  

• Target material is generally selected to be low-A, since lighter nuclides tend to 
produce shorter-lived radioactive isotopes with lower gamma energies.  Also, want to 
maximize interactions while minimizing multiple scattering: low λ0/X0 ratio preferred.   

• Targets must handle very high beam power deposition! Modern targets need 
dedicated cooling; future targets may need to be liquid or powder-jet as solids may not 
be able to survive thermal shock.
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T2K target

• Graphite target, like most modern beams 

• 90 cm long, 2.5cm diameter.  Beam radius is large (6mm) to 
reduce local intensity and thermal shock 

• Target cooled by very high velocity helium gas in closed loop



CONVENTIONAL BEAMS:    
Basic components

• After leaving target, charged particles may be focused 
before entering decay volume 

• Several focusing schemes possible 

• Focusing not strictly necessary: 1962 two-flavor neutrino 
discovery experiment used unfocused mesons.
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Horns

• Horns first proposed by Van der Meer 
(1961) 

• At the most basic level: 

• Two coaxial conductors: a toroidal 
field exists in the region radially 
between inner and outer conductors 

• Inner conductor is thin enough (2-3 
mm) for most pions to pass through  

• Conductor currents are 100-300 kA 
so water cooling, pulsed operation 
necessary to prevent melting 

• Generally made of aluminum alloy

i
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• Positive particles focused 
•Negative particles defocused
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Multi-horn systems

• A single horn generally reduces the angular spread of the beam by a factor of ∼2.  

The resulting beam, observed from far enough downstream, looks again like a 

point source of pions with an angular spread ⇒ it can be focused further by adding 

another horn. 

• Common for beams to be designed with two (or even three) horns in series.  The 

downstream horns allow correction of both under- and over-focused particles:
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Understanding 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 like a secondary target



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!



Understanding a neutrino beam

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

• Near neutrino detector 

• Standard for modern oscillation experiments. Place a small neutrino 
detector near the source to measure neutrinos before oscillation. 

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

• These are not perfect for constraining flux, due to neutrino cross-
section (don’t cancel if detectors are different) and reconstruction 
uncertainties, 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 

• Needed for reducing oscillation systematic errors



Primary beam energies for current 
and near future neutrino beams

 

Hyper-Kamiokande

T2K, T2HK: 30 GeV/c p

NuMI: 120 GeV/c p

LBNF/DUNE: 60-120 GeV/c p



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 Fermilab'sNuMI neutrino beam with 
different physics generators

Leonidas Aliaga, PhD dissertation  
College of William and Mary 2016



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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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



Dedicated experiments

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

• Started with HARP experiment at CERN, 
which measured production from 8 GeV 
protons (for studying Booster Neutrino 
Beam) and from 12 GeV protons (for 
studying K2K beam).  

• NA61 has been measuring since 2007



NA61: The SPS Heavy Ion and 
Neutrino Experiment

• Fixed-target experiment using 
H2 beam at CERN SPS 

• ~150 collaborators. 
Spokespeople: Marek 
Gazdzicki, EDZ (deputy) 

• Designed around the former 
NA49 heavy-ion spectrometer 

• Primary proton beam from 
CERN SPS, Secondary beams 
~25 to 350 GeV/c



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



NA61 detector system

• Detailed beam instrumentation including PID and tracking before the target 

• Several large-acceptance TPCs, two superconducting analysis magnets  

• Scintillator-based time-of-flight detectors 

• Projectile Spectator Detector: forward hadron calorimeter

FTPC1 FTPC2/3 PSD

ToF-F

NA49

NA61



Event display  

VERTEX TPC 1 VERTEX TPC 2
GAP 
TPC

MAIN TPC 
LEFT

MAIN TPC 
RIGHT

TOF 
WALLS

TARGET

p+C @ 60 GeV



Particle identification

• Uses dE/dx in TPCs at 
higher momentum 

• Transitions to TOF at lower p

Particle Identification Performance
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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.  

• Have to make measurements specifically for each neutrino beam.  

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

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

REPLICA 
TARGETS

T2K
NuMI/NOvA



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



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: 

L _ eRcXVe3 R WVh  W _fT VRc _eVcRTe _ V_Xe !λ e defUj d _X V _eVcRTe _d
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Thin Target Measurement
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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



• 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 — final one just 
submitted! 

• Thin target: 

• total cross-section and π± spectra measurements (Phys. Rev. C84 034604 (2011) )  

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

• K0S and Λ spectra measurements (Phys. Rev. C89 (2014) 025205 ) 

• total cross-section and π±,K±, p, K0S, and Λ spectra measurements (Eur. Phys. J. C76 
84 (2016) )  

• Replica target: 

• methodology, π+/- yield measurement (Nucl. Instrum. Meth. A701 99-114 (2013) ) 

• π+/- yield measurement (Eur. Phys. J. C76 617 (2016) ) 

• π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79, no.2 100 (2019) ) 

• proton beam survival probability (arXiv:2010.11819, under review at PRD)

NA61/SHINE measurements for 
T2K



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
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Recent 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



Equivalent result in T2K 
neutrino flux

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

31
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(This	shows	hadron	distribution	contributing	to	the	T2K	flux,	not	NA61	data)



• 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



New 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

• Released last month: 
A. Acharya et al., 

arXiv:2010.11819



A second phase of NA61 
neutrino measurements

• Four US-based groups joined NA61 in 2014 to make 
measurements specifically for the Fermilab-based neutrino 
program. 

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

• US-funded project made specific upgrades: 

• Forward tracking system 

• New readout electronics for time-of-flight detector 

• Data collected in 2015-18 for this program 



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: need to expand acceptance

• Contribution to DUNE far detector neutrino flux, for Nov 2017 DUNE Optimized and 
Engineered Beam design (120 GeV/c protons) 

• NA61 acceptance had a hole in forward region: particularly important for proton 
production 

• New forward TPCs built to add coverage here
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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



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. 

• 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 



Forward TPCs

• FTPCs installed 2016-17, used in 2017 and 2018 data 
run 

• Chambers work well 

• Event display above from 2017 data with local (green) 
tracks reconstructed 

• New global tracking algorithm in final development 
stage

FTPC1

FTPC2/3



Tandem TPC data

• Out-of-time track rejection: fraction of these tracks scales with 
intensity; can be rejected by cutting out tracks that don't match up 
between chambersFTPC Performance

39
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(Preprint	—>	arXiv:2004.11358)
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B. Rumberger et al., JINST 15 (2020) P07013  



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



First results: total production 
cross-sections on nuclear targets

• 2015 data set collected with no magnetic field due 
to failure of old superconducting magnets: no 
momentum measurements 

• Pion and kaon scattering on carbon and aluminum 

• Published total production and total inelastic cross 
section measurements for data without magnetic 
field  

• pion/kaon scattering: Phys.Rev. D98 052001 
(2018); proton scattering: Phys.Rev. D100 112004 
(2019) 

• Note: here σprod = σtotal − σel − σqe, requires new 
hadrons to be produced. Also σinel = σtotal − σel. This 
terminology not always used consistently in 
community or in hadronic event generators.  

• Before, NuMI had 5% error on pion interactions, 
10-30% for kaons, and had to extrapolate from 
other energies for protons

Cross Section Measurements
✦ Recently released total production and total inelastic cross 

section measurements for data without magnetic field

✦ Analysis of field on data in progress with spectra for  &+ + 
C @ 60GeV/c  and p + C @ 120 GeV/c as highest priority
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Figure 7: Summary of production cross section measurements. The results are compared to previous results obtained
with a beam momentum of 60 GeV/c by Carrol et al. [14] .
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NA61 Preliminary

p+C@30 GeV/c σprod  also measured by 
NA61 to be 230.7 mb in Eur. Phys. J. 

C76 (2016) 84

Here σprod  = σtotal - σel - σqe, 
requires new hadrons to be 
produced.   Also σinel  =  σtotal - σel.  
This terminology not always used 
consistently in community or  in 
hadronic even generators.

Thin Target: Total Cross Section
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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 

• Analysis is progressing on some, completed on others 

• Each measurement will be a point for interpolation in MC generators



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

Thin Target: Charged Hadron Production

44
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<latexit sha1_base64="JO8KGREu6+fGwBZLZY8Y8wDwwdg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+84t5dlKvXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPkvI2I</latexit>

K+
<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit>

d
<latexit sha1_base64="FsiMmKz700uUOZeaDBpd93aRhZY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWw2k3btZhN2N0Ip/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnsgHM07Rj+lA8ogzaqzUCPvlilt15yCrxMtJBXLU++WvXpiwLEZpmKBadz03Nf6EKsOZwGmpl2lMKRvRAXYtlTRG7U/mh07JmVVCEiXKljRkrv6emNBY63Ec2M6YmqFe9mbif143M9GNP+EyzQxKtlgUZYKYhMy+JiFXyIwYW0KZ4vZWwoZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyJOM6g==</latexit>

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

analysis	binning

H jd JVg <*))% **+))- !+)*2⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

Binning	of	pions,	kaons,	and	protons	is	optimized	for	each	particle	species	

Thin Target: Charged Hadron Production
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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>

K+
<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit>

d
<latexit sha1_base64="FsiMmKz700uUOZeaDBpd93aRhZY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWw2k3btZhN2N0Ip/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnsgHM07Rj+lA8ogzaqzUCPvlilt15yCrxMtJBXLU++WvXpiwLEZpmKBadz03Nf6EKsOZwGmpl2lMKRvRAXYtlTRG7U/mh07JmVVCEiXKljRkrv6emNBY63Ec2M6YmqFe9mbif143M9GNP+EyzQxKtlgUZYKYhMy+JiFXyIwYW0KZ4vZWwoZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyJOM6g==</latexit>

p

=iR a V3 ⇡+ +C@60 GeV H jd JVg <*))% **+))- !+)*2

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit> K+

<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

⇡+
<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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K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

Thin Target: Charged Hadron Production
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EVRdfcVU U WWVcV_e R ac UfTe _ j V Ud !⇡+ +C@60 GeV

H jd JVg <*))% **+))- !+)*2
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⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

FVXRe gV a _d R_U R _d RgV SVV_ VRdfcVU Rd hV

Thin-target charged hadron 
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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K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>

Thin Target: Charged Hadron Production
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EVRdfcVU U WWVcV_e R ac UfTe _ j V Ud !⇡+ +C@60 GeV

H jd JVg <*))% **+))- !+)*2
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⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>
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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
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• Plot track pT vs V 
trajectory against 
longitudinal 
momentum 
asymmetry of the 
tracks

K0S→π+π−

Λ0→pπ−Λ̅0→p̅π+



Thin-target neutral hadron 
spectra

• Yields of neutral 
kaons, Λ from 
specific kinematic 
bins
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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 obtainingcs
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=cdata 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=cprotons 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=cdata 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=cdata 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 neutral hadron 
spectra

• Yields of neutral kaons, Λ, Λ̅ from specific angle bin
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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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Coming soon: 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 provide forward acceptance 
(magnet doesn't bend beam-energy protons into the older 
TPCs) to see elastic, quasi-elastic events 

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

• Cellular automaton-based local tracking with Kalman 
filter for global track fit is in final development 

• Calibration of new detectors is almost ready too 

• Expect results on ~3 million interactions in a very few 
months! 

• See B. Rumberger, ICHEP2020: https://indico.cern.ch/
event/868940/contributions/3817070/

FTPC Performance
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Greatly	improves	the	forward	acceptance

:VR WW e V SRT Xc f_U cV VTe _

Can	select	particles	that	arrive	in-time	(=	trigger	timing)

FTPC	performance	paper	has	been	submitted	to	JINST	
(Preprint	—>	arXiv:2004.11358)
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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



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



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 

• Asymmetric 
design means 
binning in φ 
becomes 
important

Event display from data

NuMI replica installed 
at NA61/SHINE



Post-LS2 plans

• Many major detector upgrades are underway now! 

• 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)

Relevant for neutrino running



Future after LS2: Planned data 
collection

• Commissioning and possible short physics runs in 2021 
expected 

• After that, priorities will be: 

• Additional T2K long-target running 

• LBNF/DUNE replica target when available (2023 likely). 
This target will be at least 1.5 m long and may create some 
challenges for reconstruction… 

• Kaon scattering with thin targets for secondary interaction 
modeling 

• Improved statistics on multiple measurements



Future after LS2: 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 tracking detectors at the end of 
the target will probably be needed for the 
longer LBNF/DUNE target as well as a more 
precise measurement for T2K 

• Considering options such as silicon planes 
or a small TPC

T2K Replica Target Results (Systematic Uncertainties)
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Future after LS2/3: 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 

• Interest from spallation sources, T2K/Hyper-K for 
secondary interactions and atmospheric neutrino 
flux, even DUNE for secondary re-interactions



Principle of a low-energy beam 
for NA61/SHINE

• New beam design ongoing by CERN beam group in 
collaboration with NA61/SHINE. Aiming to begin 
construction fairly soon (resources permitting)

Low-Energy Beamline at NA61/SHINE
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NA61/SHINE at Low Energy 
Workshop

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

• Open workshop to be held December 9-10 online 

• Technical issues and physics opportunities (let me 
know if you wish to present one) 

• https://indico.cern.ch/event/973899/



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 

• New opportunities abound for data sets after LS2! 

• Low-energy workshop:  

https://indico.cern.ch/event/973899/



NA61/SHINE at Low Energy 
Workshop

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

• Open workshop to be held December 9-10 online 

• Technical issues and physics opportunities (let me 
know if you wish to present one) 

• https://indico.cern.ch/event/973899/





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


