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Re-weight interaction 
probability

Re-weight hadron 
yields Repeat for all

particle 
generations

Thin target measurements

Re-weight hadron yields 
on the target surface

1 Replica target measurements2

● Hadron production measurements can be used to tune models

Useful for all experiments! Mostly useful for a single experiment
Both approaches are necessary!
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In this talk:
HARP
MIPP
NA49
NA61/SHINE
EMPHATIC
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Phys.Rev. D90 (2014) 032001
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C. Alt et al., Eur.Phys.J. C49 (2007) 897-917
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*Setup used in hadron production measurements for neutrino experiments

FINISHEDONGOING
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Year [106] events Results

2007 0.7 π±, K+, K0
s, Λ [1,2]

2009 5.4 π±, K±, K0
s, p, Λ [3]

[1] Phys. Rev. C84, 034604 (2011).   [3] Eur. Phys. J. C (2016) 76: 84
[2] Phys. Rev. C85, 035210 (2012).



π+ K+ π- K-

Neutrino mode Antineutrino mode
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● Year POT [106] Results

2007 0.2 proof of concept [1]

2009 4.0 π± yields [2]

2010 10.2 π±, K±, p yields [3]

[1] N. Abgrall et al., Nucl. Instrum. Meth., A701:99, 2013. [3] N. Abgrall et al., arXiv:1808.04927 [hep-ex], submitted to EPJC 
[2] N. Abgrall et al. Eur. Phys. J., C76(11):617, 2016.

T2K replica target

r = 1.3 cm
l = 90 cm
ρ = 1.832 g/cm3

http://arxiv.org/abs/arXiv:1808.04927
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z
5

z
6 mode π+ [%] π- [%] K+ [%] K- [%] p [%] Tot [%]

ν 99.22 97.47 84.50 83.08 71.65 96.92

anti-ν 97.03 98.89 72.56 89.61 69.66 96.62

● percentage of neutrino flux produced from 
hadrons exiting the target covered by the 
replica target measurement



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

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



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

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

zoom x10



T. Vladisavljevic,  arXiv:1804.00272 [physics.ins-det] 

Only π± replica-target measurements from 
2009 data were used

Preliminary

Please see Tomislav’s 
talk!



31 GeV/c 60 GeV/c 90 GeV/c 120 GeV/c

Be C Al NOvA Be C Al NOvA Be C Al NOvA Be C Al NOvA

p

π+

π-

K+
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Data taken with magnets onData taken with magnets off
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Phys.Rev. D98 (2018) no.5, 052001
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pb < 15 GeV/c



Scint. 1

Upstream
Cherenkov

Downstream
Cherenkov Scint. 2

Trigger

Silicon Strip Detectors

Pixel Telescope Target

Aerogel Cherenkov 
Detectors

Lead glass
calorimeter

MT6.1-A MT6.1-B
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30 GeV/c 120 GeV/c



Bellettini et al., Nucl.Phys. 79 (1966) 609-624
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dσ
/d

ω
 [c

m
2 /s

r]

|t| [(GeV/c)2]

total cross section from 
optical theorem coherent elastic 

scattering

         0.02       0.04        0.06       0.08      0.10        0.12

quasi-elastic 
scattering (scattering 
on a single nucleon)Beam momentum

Scattering angle
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Kaons

Protons

Angular resolution in 
x-z plane
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Small difference in position



Before cuts After cuts

Angle between 
upstream and 
downstream track

z position of point of 
closest approach

First downstream 
SiSD plane

Target

Pixel layers

Last upstream 
SiSD plane

Target



● Distributions overlap → cross-section is slowly 
changing or nearly constant with momentum

●  Differences for 120 GeV/c data come from 
worse t resolution

Preliminary
Monte Carlo shows 
similar difference
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Journal of Magnetic Resonance Vol. 277 (2017) 143

N52 magnet → internal field 1.44 T

n1 n2

Aerogels

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

54 ≤ z < 72 cm 72 ≤ z < 90 cm z = 90 cm
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0 ≤ z < 18 cm 18 ≤ z < 36 cm 36 ≤ z < 54 cm

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













Quasi-elastic region

Elastic region

*Lines on top of the data points are not fits

Coulomb-nuclear 
interference region (CNI)

p + C @ 30 GeV/c
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Fraction of accepted 
elastic events

Fraction of accepted 
quasi-elastic events

Fraction of removed 
production events

Trigger cross-section
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FTFP_BERT G4.10.04



FTFP_BERT G4.10.04



q·p [GeV/c] Graphite Aluminum Steel Empty

120 1.63M 0 0 1.21M

30 3.42M 0.98M 1.01M 2.56M

-30 0.31M 0.31M 0.13M 0.31M

20 1.76M 1.76M 1.71M 1.62M

10 1.18M 1.11M 0.97M 1.17M

2 0.11M 0.11M 0.18M 0.11M




