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Hadron production measurements at
NAG61/SHINE for precise determination
of accelerator neutrino fluxes
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The NA61/SHINE experiment

- Introduction to hadron production measurements for
accelerator neutrino experiments

- Latest results

- Future plans
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NA61/SPS Heavy lon and Neutrino Experiment
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fixed-target experiment at CERN’s SPS
operating with ion and hadron beams in range 13 - 400 GeV/c

momentum, charge and dE/dx measurements provided by TPC tracking system

particle ID with TPC and TOF detectors
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Accelerator-generated neutrino beams
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Necessity for hadron production measurements

Precise neutrino flux prediction is key for the precise prediction of neutrino
interaction rates at the near and far detectors, aiding both neutrino
oscillation and neutrino cross-section measurements

Hadron production dominates the uncertainty of the neutrino flux
prediction at both the near and the far detector sites
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https://link.aps.org/accepted/10.1103/PhysRevD.87.012001

Necessity for direct hadron production measurements

- Monte Carlo hadronic interaction models give different predictions of the
neutrino flux

- Need direct measurements of both particle yields and interaction cross

sections
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https://lss.fnal.gov/archive/thesis/2000/fermilab-thesis-2016-03.pdf
https://link.aps.org/accepted/10.1103/PhysRevD.87.012001

Employed classification of nuclear interactions
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Coherent elastic scattering:
Interaction on the nucleus (o)
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inel el

Quasi-elastic scattering:
Interaction on nucleons (o)

NA61/SHINE and T2K use this
definition

NuMI definition is slightly
different:
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Inelastic process:
(Ginel)

Production process:

Interaction with new hadron production (o)
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Hadron production measurements

NuMl| replica target -
120 cm long graphite fins

T2K replica target —

90 cm graphite rod
2 cm graphite target
Thin target measurements Thick target measurements
- Single interactions - Proton beams on replica targets

\!

-~ p,nt, Kt beams on C, Be, Al targets
- Inelastic and production cross sections

Multiple interactions inside the target
Differential hadron yields on target

\!

- Differential cross sections surface
- Differential particle yields - Beam survival probability and related
production cross section
P p— e(_Lnoprod)

survival
L target length; n number density of nuclei
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Hadron production measurements in pinteractions

Main objective:
J-PARC and Fermilab
beamlines

First measurement
of p@120GeV/c

Model uncertainty
is dominant (2-8%)
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Phys. Rev. D 100, 112001 (2019)

Brand new measurement of o

p+C @31GeV/c with the T2K replica
based on beam attenuation in

prod

= - NA61/SHINE 2016 — - NA61/SHINE 2016
— oprod inel o.qe @ p+Al 480 — oinel o.total o-el e p+Al
- m p+C L m p+C
| A p+Be 460 — miut
i NAG1/SHINE 2009 i % e INERE
o p+C % p
— 440— Denisov et al.
B Carroll et al. B o p+Al
o p+Al 5 o p+C
- o p+C £ 420 » p+Be
- 6 260 ¢
o T e T
— 240—
- 220—
L - L &, 4
L 4 200— ! T
= | \ | | L | = | \ | I | |
40 60 80 100 120 140 20 40 60 80 100 120
p (GeV/c) p (GeV/c)
NA61/SHINE preliminary
"g | @ NAG6I/SHINE 2010 replica target data O  Carroll et al.
T3 260/~ A4 NAGI/SHINE 2007 thin target data
b’:‘l | ¥ NAG61/SHINE 2009 thin target data
L B NAG61/SHINE 2016 thin target data >
240—
i ++ ta g et
m‘ - Improved precision
I - Model uncertainty is <0.4%
2 | | | | | | | 1 | | | | | | | | | | | | | | |
0%0 30 40 50 60
Py.... (GeV/c)
S. llieva NUCLEUS - 2020

Paper status: Collaboration review


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.112001

Hadron production measurements in pinteractions

Main objective:

T2K replica target measurement J-PARC beamline
K+ production in p + C @ 31 GeV/c and 0<z<18 cm T2K experiment
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https://inspirehep.net/files/f286b43dbe6bd22c19fe43a40d6b8265
https://inspirehep.net/files/1622ba8c8587a1170f453caab11f0282

Hadron production measurements in pinteractions

. Main objective:
NuMI replica target measurement NUMI beamline

p +C@ 120 GeV/c NOvA experiment

Y

Three Forward TPCs (FTPCs) installed in 2017

- Improve forward acceptance
- Allow separation of protons and pions @100GeV/c

5 weeks of data taking in 2018
15M recorded events
Data Analysis Status: Calibration
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https://iopscience.iop.org/article/10.1088/1748-0221/15/07/P07013/pdf

Hadron production measurements in st™ interactions
K* production in t°+ C @ 60 GeV/c
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Main objective:
NuMI and LBNF beamlines

at +C and @™ + Be
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.112004

with 2007
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Impact on the T2K neutrino flux prediction
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T2K replica target data

- * diff. yields meas. <«

e

with 2010 NA61/SHINE
T2K replica target data:

- =, K*, p diff. yields meas.

Horn & Target
Alignment

—— Material Modeling|

Nb of POT

with 2009 NA61/SHINE

¥ thin target data

E, (GeVH0
SK: Neutrino Mode, vy
b ] T T T
2
84 Hadron Interactions Horn & Target Alignment
= 03— Material Modeling
= B Proton Beam Profile & Off-axis Angle Number of Protons ]
8 B Replica 2010 Error n
3 - Horn Current & Field - - - - Replica 2009 Error 1
E 0 2_ [ ®xE,,Arb.Norm. e Thin Error B
[ T2K Work in Progress |
77777777777777777777 ol ______""7 P e —
1, 3 :
B i'_? — -
B %ﬁ_ﬁﬁ
= — n n

107 1

10

NAB1/SHINE 2020 Status Report ™ ©V)

NUCLEUS - 2020

13


https://cds.cern.ch/record/2739340/files/SPSC-SR-278.pdf
https://cds.cern.ch/record/2684640/files/10.1088_1742-6596_888_1_012064.pdf

Very Low Energy beamline for NA61/SHINE
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5 FI ——— Mulliplicity” =~ 7’ '\ .
= - ——— Nuclear Vi o T
E 0.3 [ ——— Interaction Length g ]
g | ——— Pion Rescatter ‘0 J
o | ——— Unconstrained Interactions & o
13 - ——— Replica Tuning Total B 2 .
al 02 =----- Thin Tuning Total N Lo ]
- -l ] ®xE,, Arb. Norm. .
g Replica 2009 7
([ ¥ I———l b =
| = 1 =

B ji T AE_;_—ﬁi ]
H — . |—| 1
3] — T — -

0.0 ==  ——i e —

-1

._.
i

10

|
Nulnt2018 T. Vladisavljevic E, (GeV)

Further reduction of the hadronic interaction
uncertainty in the neutrino flux prediction is
desirable: unconstrained interactions

The T2K-1l and Hyper-K goal is
2-3% flux uncertainty for a wide
range of neutrino energies

Aim at realization before LS3

Project proposal of Very Low Energy beamline included in NA61/SHINE Status Report 2020!

Very Low Energy (VLE):
1 - 20 GeV/c beamline

T2K-1l and Hyper-K, DUNE

- pion beam: < 2 GeV, 2-6 GeV
- proton beam: 4-12 GeV, > 12 GeV
- kaon beam: < 5 GeV, above 5 GeV

- VLE beamline is also relevant for

- neutrinos from spallation
neutron sources

- atmospheric v fluxes:
- protons < 20 GeV
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https://indico.cern.ch/event/703880/contributions/3159044/attachments/1735667/2823451/t2k_flux_calculations_nuint2018_vladisavljevic.pdf

Upgrades of the NA61/SHINE spectrometer during LS2

Replacement of the TPC
read-out electronics
to increase data rate to 1 kHz

- ~13m /
y

Construction of Vertex Detector (VD) MTPC-L
for D° D° decay reconstruction
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o | TPC
Beam - -'-lﬂ- -"-. PSD] N PSD2
Target w = W
New trigger and data
vaU'S't'O" system MTPCR Upgrade of Projectile
Spectator Detector

New Time-of-Flight
detectors
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Planned neutrino-related measurements

Measurements in 2021:

Additional p @31 GeV/c on T2K replica target - constrain high-energy charged kaon

production
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Request for measurements in 2022-2024:

K+ @60 GeV/c on thin graphite target - neutrinos from kaon parents dominate the
high-energy tail of the DUNE neutrino flux

p @120 GeV/c on thin titanium target (LBNF target containment vessel)

p @120 GeV/c on LBNF/DUNE prototype target

Ideas for after LS3:

Measurements with Hyper-K and LBNF replica targets
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Summary

- Direct hadron production measurements have successfully aided reduction
of hadronic interaction uncertainties in the T2K neutrino flux prediction

- Thin target measurements by NA61/SHINE improved T2K flux
uncertainty to ~ 10 %

- Further reduction to ~ 5% is achieved using the NA61/SHINE replica
target measurements

- Broad data-taking and analysis campaign for Fermilab v experiments

- After LS2 NA61/SHINE plans for diverse hadron production measurements
based on v experiments needs

- Proposal for construction of Very Low Energy (1 - 20 GeV/c) beamline
before LS3
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