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Introduction to the Low-Energy Beamline



Why do we need the new beamline?

. _ Am?: few % ‘energy scale’ of the flux - 0.5% for future  (S. Bolognesi)
Accelerator-based neutrino experiments

~ To achieve the necessary precision on flux sin2623: few % on normalization of the flux - 1% for future
calculation of ongoing and next-generation 8,;0ctant: ~1% on v_normalization of the flux
neutrino experiments (T2K, Hyper-K) CPV and MH (for future): <2% on v /v_anticorrelated uncertainties
example: T2K/Hyper-K|  §_, precision: similar needs as Am? —

Uncertainty on the flux needs to be below 2-3% for the entire region

Atmospheric neutrino experiments .
~ To become sensitive to CP-phase (sub-GeV region) s
and mass ordering (multi-GeV region) 3
-> Super-Kamiokande £ o (G. Barr)
-> Hyper-Kamiokande E 1:3 GeV
-> DUNE %0-4- 2:6 GeV
s 3: 8 GeV
example: =
sub-GeV and multi-GeV - 4:13 GeV
atmospheric neutrino flux 0047 7 ot

Neutrino Energy/ GeV
Uncertainty on the flux needs to be below 4% (for CP-phase measurement)

(green: current unconstrained interaction error, pink: with low-E beam data) 4



Project Overview

Physics Cases

The main focus of this talk.
| will review potential physics opportunities.
(Each experiment’s status and demand are further discussed in dedicated presentations.)

Beamline

The design of the beamline has been finalized. (See Carlo’s talk for detail)

Instrumentation

The baseline strategy for the beam instrumentation has been determined.
(See Carlo’s talk for detail)



Low-E hadron beams at H2: A little bit of History

© 2017: Initial idea based on the experience of proto-DUNE beamline (NA61 Beyond 2020 Workshop)
o

N7

® %, H2-VLE (2003) H2-VLE (2017)

ENGINEERING
DEPARTMENT

»Four-bends layout

Possibilities for (Very) Low Energy beams il e
at CERN North Area - ¥ Layout of existing secondary H2 and tertiary H2-VLE beam lines of EHN1
N. Charitonidis (CERN, EN-EA) e 0 A e
w8 8 | | e i

EHN1 Extension - H2 VLE Beam = & i
Schematic Layout . . o . !
QPL + QPS p e )
large sperture (200 mm)

- design used for the ATLAS(H8)
&CMS(H2) calorimeters in the past
- suffers from large background from the

direct secondary beam .
Courtesy: |. Efthymiopoulos

- Using large angles and off-axis placement of the
detector wrt the secondary beam reduces the muon
background

27/7/2017 N. Charitonidis - Very Low Energy Beams in EHN1 9

https://indico.cern.ch/event/629968

Note: the idea of a low-energy beamline at the SPS north area is not new


https://indico.cern.ch/event/629968

Low-E hadron beams at H2: A little bit of History

o 2017: Initial idea based on the experience of proto-DUNE beamline (NAé1 Beyond 2020 Workshop)
© 2020 February: Launched the Low-E beamline working group

o ldentification of physics motivations, beamline requirement
© 2020 December: A dedicated workshop (NA61/SHINE at Low Energy)

o Discussion on the physics case and technical feasibility

) NA61/SHINE at Low Energy
The idea

9-10 December 2020

»Can we make a special beam line branch, that can provide (very) a
low energy particles in front of the NA61 detector ?

S The NA61/SHINE collaboration is exploring the potential addition of a very-low-energy beam. This

Timetable workshop will explore the physics opportunities for NA61 in the 1-20 GeV region as well as the beam
design and its expected capabilities.

* Low energy beam in front of PPE152 existed in the past
It had different specifications, for different experiment. But

Hi Nikos, Contribution List

Happy new year

|
: My Conference
Yes, please check followings, sorry for my late communication. th d N t Y =P 400 GeV Primary beam
,,,,,,,,,,,, € 1aea Is not new. My Contributions ——p Low energy (213 GeV/c)
o i e T secon dary beam
+ As a starting point, I quote proto-Dune numbers from arXiv:1667.67612 — Pax + - Registration Off-momentum secondary [
. beam
+ Desired bean types: o i
pions: 2-6 GeV, and below 2 GeV Participant List -
rotons: GeV (also > 13 Ge
ossible, but maybe difficult??) Videoconference
bean particle 1D is a main challenge since it can be a leading systematic source of t
40 nm) may W B = T
ctor m x 48mm, and rel n miss our bean po: i o — e e
ator co a small hole in center in our trigger logic, and wider target. H — — 1 g
(g ¢ i s 5isisaiain = = i [ o, Primary
Target == =
+ Beam composition o < 8 N = 2 B2 B3
-> lle took 6 GeV kaon b ta in 2615 with 3% composition. e i
-> This may be the absol nimum in terms of composition to keep reasonably high rate. L i
—» After shutdoun, we need various type of interactions (e.g. 2-3 data sets per week) to be recorded compared to past measurement (typically 1 data sets per week). L L
-> Obviously, higher com on will be better. In that sense, proton enhancement is very attractive for low-E proton beams. (This may attract atmospheric neutrino committee as well) a1 Q2 B1 B4 Q3 Q4 Qs
By Y
o Rccentance duadrunsies Double bend achromat, momentum selection Final focus quadrupoles
04/02/2020 N. Charitonidis - H2 Beyond 2 pricedcn Gl

https://indico.cern.ch/event/973899 7



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

Low-E hadron beams at H2: A little bit of History

o 2017: Initial idea based on the experience of proto-DUNE beamline (NAé1 Beyond 2020 Workshop)

o 2020 February: Launched the Low-E beamline working group
o ldentification of physics motivations, beamline requirement
o 2020 December: A dedicated workshop (NA61/SHINE at Low Energy)

o Discussion on the physics case and technical feasibility

© 2021 October: Addendum for SPSC evaluation (SPSC-P-330-ADD-12)
o First document to express our interest on building Low-E beamline

o 2022 May: Memorandum to SPSC (SPSC-M-793)

o Additional documents to address SPSC referee's questions

Positively evaluated by the SPSC committee

The SPSC recognizes the scientific value of the
improvements that the low energy beam line could bring to the
knowledge of the neutrino cross sections and recommends
that the corresponding technical feasibility be studied in detail.

https://cds.cern.ch/record/2810696
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http://cds.cern.ch/record/2783037
https://cds.cern.ch/record/2810696

Low-E hadron beams at H2: A little bit of History

o 2017: Initial idea based on the experience of proto-DUNE beamline (NA41 Beyond 2020 Workshop)
o 2020 February: Launched the Low-E beamline working group
o ldentification of physics motivations, beamline requirement
o 2020 December: A dedicated workshop (NA61/SHINE at Low Energy)
o Discussion on the physics case and technical feasibility
o 2021 October: Addendum for SPSC evaluation (SPSC-P-330-ADD-12)
o First document to express our interest on building Low-E beamline
o 2022 May: Memorandum to SPSC (SPSC-M-793)
o Additional documents to address SPSC referee's questions
o 2022 November-December: Engineering Change Request (ECR) for the experimental area

- FInOllzed beOmlIne deS|gn ( ENGINEERING CHANGE REQUEST h
- Beamline implementotion plcm A new tertiary branch of H2 beam line for

. . low energy particle beams (H2-LE)
o C Ost estl m O 'tl O n BRIEF DESCRIPTION OF THE PROPOSED CHANGE(S):

This document describes the necessary changes to install a new tertiary branch of the H2
hut. New magnets and the existing power supplies powering the H2-VLE line of the
neutrino platform need to be installed. Extra shielding needs to be installed, as well as
rail systems that will allow the transition between the existing H2 line and this low-energy
configuration. In this ECR, the new configuration is described, as well as its necessary
cost breakdown.




Low-Energy Beamline Overview

o A new tertiary low-E hadron beamline at CERN SPS H2 (where NA61/SHINE is located)
e Low-Energy = 1-13 GeV (2-13 GeV/c) (the lowest momentum NA61 achieved was 13 GeV/c)
e Design with readily available equipment (magnets, power supplies, etc)
e Push-and-pull design to quickly switch beamline configurations

CEEEEEEA| PJL]H‘:EEHHHEEHE

Acceptance Quadrupoles

EEREnaEaEEnRm

Final Focusing Quadrupoles | _
= gy |
Ty L \
» L
Target [ Collimator & BPD Instrumentation Space NA61/SHINE Experiment
»
<< >

~45m

10



Low-Energy Beamline Overview

o A new tertiary low-E hadron beamline at CERN SPS H2 (where NA61/SHINE is located)
 Hadron beams with good quality (well-focused below ox, oy <20 mm)
e Enhanced proton fraction (For above 5 GeV, kaons as well)

Example: 2 GeV/c beam (@ NA61 target)

1000
Number of beam particles / spill
o | (with 1E6 400 GeV primary protons on W target)

- _ 2000 -> higher intensity can be possible
Q Q
g o g 600
a a 500
E “ E 1000 - Ff‘“\ m

200 200 l | I

00 4
o —2'00 —lVSU —1'00 —E;o 0 5‘0 100 15‘0 20‘0 o —ZVUD —1'50 —1'00 —50 0 5b 1(50 15'0 200 ¢ de(.'uan;xiullon mu amu w0 pi+ p: k1') &0 k"b k- ! é'wloﬂ rm.{mn nu mu anu mu : amw e gan:ma Cehers
Position in x [mm] Position in y [mm] ] 846 237 393 o§ 703 g 0 ] 0 5 0 l 310 3 ] 0 1026 343 a5 22

Standard dev%at:}on J:.n x = 12.83 . .
Standard deviation in y = 156.18 proton / plon ratlo > 1/3
11



Low-Energy Beamline Overview

o A new tertiary low-E hadron beamline at CERN SPS H2 (where NA61/SHINE is located)
e Hadron beams with good quality (well-focused below ax, oy <20 mm)
e Enhanced proton fraction (For above 5 GeV, kaons as well)

62%77

Example: 2 GeV/c beam (@ NA61 target)

1000
1000
2000
800
h \\‘\/
& & w0 1500 .. .
- —
5 o g Further optimization of low-E hadron beam
i ible!!
g : target is possible!!
& > a0 1000
@ 400 [T}
s @
200 200 500
-200  -150  -l00 _5.0' _U 50 100 150 200 -200  -150 -100 _5_0_ _U 0 100 150 200 0 electronpositron  mu amu DI'D pi+ pi- 51} ak0 k+ k- proton aproton neutron nu_mu anu_mu nu e  anu e gamma Others
Position in x [mm] Position in y [mm] 1 2380 27 413 0 656 0 0 0 2 0 240 0 0 ® 977 A 27 % 1

Standard deviation in x = 12.@3
Standard deviation in y = 16.18

12



Low-Energy Beamline Overview

-~ A new tertiary low-E hadron beamline at CERN SPS H2 (where NA61/SHINE is located)
e Hadron beams with good quality (well-focused below ax, oy <20 mm)
e Beamline instrumentation for position monitoring and beam PID
e Beam profile detector (silicon), Time-Of-Flight (scintillator), threshold Cherenkov

PID with 3 XCETs (filled color area)

+ 200 ps ToF (hash area)

ToF-1 XCET-1 XCET-2  XCET-3 V1 V2 /ToF-2

| ////////
s cnriovconr |7 "
. e ocounter |

2
o

Na61_Target

\5'0 55 &0

of BPD-3 i
BPD-1 BPD-2 7 Z
e .
/A““”

o 3 i 5 5 w» B w13
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Status and Prospect

Beamline cost is estimated (~1 MCHF)
e Seeking external funding sources
e Requested a European grant
e Other contributions under consideration
e Support from CERN is under discussion

Beam instrumentation is under development (Okayama, KEK)

e Silicon-based beam profile detector
e Investigating thin Time-of-Flight detector options

Si strip detector(Hamamatsu S13804)

0.19mm pitch x 512ch x 2

First beam in 2024 at the earliest (depending on the funding)
e Installation during Year-End-Technical-Stop (YETS) -> December 2023 - March 2024

Beamtime expectation

* We included an initial beamtime request in the annual SPSC report

Physics with very-low-energy hadrons:

* 2024: one week pilot run to characterize beam
» 2025: several weeks physics data — studies ongoing to refine beam request

hitps.//indico.cern.ch/event/1214949

14


https://indico.cern.ch/event/1214949

Physics Opportunities
with the Low-E Beamline



Physics Cases

Accelerator-based neutrino experiments (to study secondary hadron scatterings not covered by current data)
© Long-baseline: T2K / Hyper-K at J-PARC (¢ detailed study in SPSC document), LBNF/DUNE at FNAL
~ Short-baseline: Booster Neutrinos (SBND, MicroBooNE, ICARUS) at FNAL

S pe——=

Hyper-Kamiokandé

A gigantic detector to confront
elementary particle unification theories
and the mysteries of the Universe's evolyjie

P LN

T e g

NEUTRINO

Sanford
Fermilab

Underground

Research L .= ;
Facility =2 N
| NEUTRINO A
5 PARTICLE  PRODUCTION S

DETEGTOR

; UNDERGROUND

PARTICLE
DETEGTOR
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Fractional Error

Fractional Error

0

0.1

0.

(5]
n
T

2=

Current Neutrino Flux (example: T2K)

NA61/SHINE Runl data (2007-2010) helped to achieve 5% flux uncertainty at the flux peak (black solid line)
NA61/SHINE Run3 data (2022 summer) will help to reduce uncertainty for high-energy neutrinos

ND280: Neutrino Mode, v,

[T

=== Meson Multiplicity
= Meson Rescatter
-—— Baryon Rescatter

Interaction Length

5

T2K Working in progress

®xE,, Arb. Norm
Replica Weights
— Total error

= = = (previous total error)

005
ol ST A
10” 1 10
E, (GeV)
05 ND280: Neutrino Mode, v, T2K Working in progress

S Mecson Rescatter

" === Meson Multiplicity

1 10
E, (GeV)

Fractional Error

Fractional Error

[
o

0.2~

ND280: Neutrino Mode, v,  T2K Working in progress

Meson Multiplicity
wmmm Meson Rescatter
-=-=- Baryon Rescatter

Interaction Length

2% ND280: Neutrino Mode, ¥,

®xE,, Arb. Norm
Replica Weights

— Total error

=== (previous total error)

T2K Working in progress

0.15

0.1

()(15>

5 == Meson Multiplicity

"l S Meson Rescatter

-—=—= Baryon Rescatter

Interaction Length

s

®xE,, Arb. Norm
Replica Weights == =" )
—— Total error

- == (previous total error)

SPSC-M-793 https://cds.cern.ch/record/2810696

But these are NOT enough for the precision era of
accelerator-based neutrino experiments (T2K/Hyper-K, DUNE)
-> The goal on the flux uncertainty is below 3%

We need:

o pion beam: 2-6 GeV
o proton beam: above 4 GeV
o kaon beam: above 5 GeV

17


https://cds.cern.ch/record/2810696

If we have low-E data.. (example: T2K/HK)

After all available data...
Example from T2K/Hyper-K:

ND280: Neutrino Mode, v, ND280: Neutrino Mode, v,
s 02 = 0.2
w Unconstrained interaction : Unconstrained interaction 5E ALR
g error (current) ®xE,, Arb. Norm. 2 error (current) | OxEy, ATD. Nomn.
%0 s - Unconstrained interaction go ol — Unconstrained interaction
o crror (w/ low-E charged pion measurements) e error (w/ low-E charged pion measurements)
o ] Working in progress o1f [+ Working in progress SPSC-M-793
a L
0.05} ’ T 0.05
1
ott= — ol 1
10 1 E. (Gevl0 10 1 £, Gev)®

For the next generation experiments (DUNE, Hyper-K), flux uncertainty needs to be constrained within 2-3%

There are still unconstrained interactions that limit physics sensitivity.

Improvement is possible if we have additional hadron production data

not yet measured by past/present experiments.

(e.g. low energy pion scattering) 18



Physics Cases

Accelerator-based neutrino experiments (to study secondary hadron scatterings not covered by current data)
© Long-baseline: T2K / Hyper-K at J-PARC, LBNF/DUNE at FNAL
© Short-baseline: Booster Neutrinos (SBND, MicroBooNE, ICARUS) at FNAL

Atmospheric neutrino experiments (to study cosmic ray proton scatterings)
~ Sub-GeV and Multi-GeV neutrinos: Super-K, Hyper-K, DUNE & detailed study in SPSC document

19



Current Flux Uncertainties (Atmospheric v)

o Hadron production data is sparse
o Hadron Production is the leading uncertainty source of flux predictions

—
o
=

Ppion (GeV/c)

10

IIIII | LI ll

-~ (modern spectrometer data are SPY ,°
_ not shown) Atherion et al.
i FNAL 7 - e e
| Serpukhov N\ 7 .. - -8 8t
= \\ ..:;: ::::
- Allaby et al, NZ Beoeoe e se.
Eichten et al. R B il bl
\ . . 0 C OO0 0o @@e & « «
7 Oeceoeoodesss
" Abbott et al. A cuuu;n .....
\ DoQooDo s e » = «
\{, DDDODD o o @le ¢« = ¢
= Choetal. AN\ . Gogooas g
= ~_ - abo ooooo
- ;7( oo D00 DOBoasacs=s
- p - OO0DODO GO @0 @ & =« &
e e OO0 DO0OD DB o s 8 » « « »
B /7 - oQ@ OoDooo
” . -, O0O0OD0DDGC oo e s = s »
B / / * Of ] lh‘l%l -] 52 S ™
s :: l'-"Kg]’D gn : : : .........
JOEBo o
= O L0 e g -
o oom L]
lll l
1 10 10°
Pproton (GeV/c)

Phys. Rev. D74, 094009 (2006)

uncertainty of ATMNC flux
(except primary flux err ~5%)

hadron production

M, Honda et. al, PRD7S, 043006(2007/)]4 hadronic cross-section

7030 4 T i
s 3 — Ot
§°‘25 ! % - hadronic interactions in air shower
N L 7] 4 — dominant!
"0 ' . * Hadronic Model
0.05 ___________________________________________ « JAM (E<31GeV)
) Same S — o « dpmdet3 (otherwise )

E, (GeV)

K. Sato, talk at the “NA61/SHINE at Low Energy workshop” (2020)

I:> More hadron production data are necessary

20



Old Hadron Production Data Issues

phase-space coverage of 3 experiments

o List of concerns:

Interaction around 13 GeV

o No detail on error report 25-
o No covariance matrix
o Inconsistency between experiments

— 12_GeV_harp
== 12_GeV_HarpHighAngle

++ 12.3_GeV_e910
—- 14.6_GeV_e802

example: Hadron production data for
< 15 GeV atmospheric neutrino fluxes

Energy [GeV] | Process | Error report | Covariance Matrixﬂ! Experiment (year) A \
3,5,8,12 p+C — 7=, K* | stat. and syst. separately No HARP (2009) V
6.4,12.3,17.5 p+Be — 7F only total error No | E910 (2008) e

14.6 p+Al — rt KT only stat. No _ E802 (1991) 150
Table 1: Past hadron production datasets relevant to the momentum range of the low-E beamline project. s -
9 1.00
d: 0.75
SPSC-M-793
These issues remain as of now -> We want to improve this!!

0.0 0.5

1.0

10°

w0 SPSC-M-793
(Plots by L. Cook)

107

(In)consistency b/w HARP and E910
12 GeV HARP to 12.3 GeV E910

~~~~~ 12GeV_Harp
— 12.3GeV_E910

Il?
11

1.0

ro.9

0.8

0.7

2.00

Significance

070 0‘ 2 074 nfe 078

XF
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If we have low-E data.. (example: atmospheric v)

Drastic improvement in the atmospheric neutrino flux is possible
if we have data for lower energy p + N — 7= + X interactions (down to a few GeV)

nu_mu nu_mu_bar
0.12 === Total Uncertainty - new NA61 Data 0.12 4
= Current Uncertain

w 0,104 R4 wn 0,10 4
9 9 —
- — - —
[ —
£ 0,08 £ 0.081
t £
g 0.06 8 0.06
C [~
2 =2
x 0,044 x 0,04 1
3 3 —_
[V [V Y

0.02 4 Vu 0.02 1 V[,l

0.00 - . —— 0.00 - , '

107! 10° 10! 107! 10° 10!
Energy/ GeV Energy/ GeV SPSC M 793
nu e nu e bar
= == (Plots by L. Cook)

0.12 4 0,12
w 0,10 w 0,10
L —_— o
£ 0.08 < 0.08 1
t t
S 0.06 1 S 0.06
c [
=2 =2
x 0,04 - x 0.04 -
=] =2 —_
[V uw

0.024 \’c\\ 0.02° VC

0,00 - . 0.001 .

10 10° 10! 10t 10° 10!

Energy/ GeV Energy/ GeV



Physics Cases

Accelerator-based neutrino experiments (to study secondary hadron scatterings not covered by current data)
© Long-baseline: T2K / Hyper-K at J-PARC, LBNF/DUNE at FNAL
© Short-baseline: Booster Neutrinos (SBND, MicroBooNE, ICARUS) at FNAL
Atmospheric neutrino experiments (to study cosmic ray proton scatterings)
© Sub-GeV and Multi-GeV neutrinos: Super-K, Hyper-K, DUNE
Spallation neutron source neutrino experiments
~ JSNS2 at J-PARC MLF (sterile neutrino search): hadron production on p+Hg at 3 GeV (3.82 GeV/c)
~ COHERENT at ORNL (coherent drastic neutrino scattering): hadron production on p+Hg around 2 GeV/c

COHERENT at the Spallation Neutron Source

. II-II Coherent Elastic Neutrino-Nucleus Scattering

o on multiple nuclear targets
1 . . . .
+ low-energy inelastic v-nucleus interactions

iy [

~10% flux normalization

uncertainty will rapidly

become dominant

systematic uncertainty

* improved pion production
knowledge will help

* also installing D,O detector
for flux norm w/well known
ved CC xscn

23



Sensitivity (example: JSNS2)

Hadron production limits sensitivity of the experiment
Basically, no data exists for p+Hg reactions

—

Neutrino; source and detection (5,

* No data; 3 GeV proton injected mercury.

+ v V. JSNS? target
B0
Omy <O

To measure p+ decay, ve+C-> e+Ngg
@) 24m

It can reduce error of flux (10%)
Proton ! g
lodeeoer T M Q, e
“O\C}l — JSNS2 Background
- O"—> - No calibration with measurement(50%)
g - B
<+ iF i | [T LSND 99%C.L
108 = LSND 90%C.L
‘ > [ operaeore sovcd |
i If error can reduce to 10%,
ensitivity is improved greatly
10° "
Neut B & 1 1
eutron beam Gd - . al it

12

S. Hasegawa

(9th July, 2020 at low-E working group meeting)
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Physics Cases

Accelerator-based neutrino experiments (to study secondary hadron scatterings not covered by current data)

© Long-baseline: T2K / Hyper-K at J-PARC, LBNF/DUNE at FNAL

© Short-baseline: Booster Neutrinos (SBND, MicroBooNE, ICARUS) at FNAL
Atmospheric neutrino experiments (to study cosmic ray proton scatterings)

© Sub-GeV and Multi-GeV neutrinos: Super-K, Hyper-K, DUNE
Spallation neutron source neutrino experiments

© JSNS2? at J-PARC MLF (sterile neutrino search): hadron production on p+Hg at 3 GeV (3.82 GeV/c)

© COHERENT at ORNL (coherent drastic neutrino scattering): hadron production on p+Hg around 2 GeV/c
Muon experiments

~ COMET at J-PARC (muon to electron): hadron production on p+X at 8 GeV (X = C, W, or heavy material)
o (potentially) Mu2e at FNAL: hadron production on p+W at 8 GeV

Phase Il

St ]
L
roduction
ions arge

Production Detector
Solenoid Solenoid
o

cns




Summary

_ Precision hadron production measurements are essential to reduce the leading
systematic uncertainty on the neutrino flux prediction
e Recent data helps a lot to improve flux knowledge of 12K, and near future for DUNE
* Nevertheless, we need further improvement, including low-E hadron interactions
below the currently available beam energy at SPS H2
_ Low-E beamline project is moving forward quickly
e Positively evaluated by SPSC
* ECR to obtain green light for experimental area modification
e Aiming at the first beam before LS3 (current NA61/SHINE era)
e And continue beyond LS3 (NA61++ era)

~ We identified various physics cases
e Primarily for neutrino physics community (LBL, SBL, atmospheric, spallation source)
e Also relating field (muon physics, understand nuclear target for spallation source)

We welcome new idea, new collaborators!! Stay Tuned!
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Fraction of tuned hadronic interaction
T2K / Hyper-K
Tuned Hadronic Interactions in Neutrino Ancestry
Dataset SK v-mode SK 7-mode
Beam species and energy Vp Vn Ve Ve Vp Vp Ve Ve
NA61 2009 Thin 85.8% | 80.0% | 83.8% | 76.9% | 80.9% | 85.3% | 77.6% | 83.2%
+ NAG61 2009 Replica | 94.0% | 83.6% | 89.2% | 77.3% | 84.4% | 93.6% | 77.9% | 89.5%

o pion beam: <2 GeV, 2-6 GeV + HARP 96.5% | 87.6% | 90.5% | 77.8% | 87.8% | 96.2% | 78.3% | 91.1%
o proton beam: 4-12 GeV, > 12 GeV
-~ kaon beam: <5 GeV, above 5 GeV still ~10% of hadronic interaction are untuned
St
T2K neutrlno — 7z++C—>7r++XMhm o it Gy Tt
beamline
¢ 30 GeV protons hit 90 cm
graphite target. =
¢ Produced 7, K are focused momentum [GeV zﬁ?omentum [GeV]
using three magnetic horns. —
¢ In-flight decay in ~100m decay R — T ——
volume. =) . g 3E - e
¢ Muon monitors and on-axis g gzz =
v detector (INGRID) monitor s S .

beam stability and direction.

, 0.5
ND280 70203 04 05 06 07 08 0. %
- momentum [GeV.
to SuperK «—&——— X | —— == . [GeV] . . ‘
NGRID — 1 Most of scattering particles go to the forward direction

while charge exchanged particles have a large angle

K. Sakashita, 6th May, 2020 More study necessary: NA61 acceptance, tt/K+ + C/Al/Fe 28



Atmospheric Neutrino Production

Ve flux ratio
( oscillation / non-oscillation)

W(v ) Wo(v,)-1

o~ Primary interactions in atmosphere (p + N -> 1)

- Neutrino flux ranges below 100 MeV to above 10 TeV
2 0.1-1.0 GeV (sub-GeV): sensitive to CP phase
o 1.0-10 GeV (multi-GeV): sensitive to mass hierarchy

cos® =-0.8  NH, sin’0,,=0.6, sinze13=o.025,§=4q°

HK design report
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Accelerator Neutrino Production

Primary
protons

LA LAF L = 4

Y ¢ s | /| A 1. i & o ; » .

| = =" . . . T - 5 I 245 g
. T2K target (graphite) [|... = 5 Nt ek

Hadron production process is complex: =

© Primary interactions in the target (p + C > 7t and K¥) -> Primary contribution to the neutrino flux
- Secondary interactions with beamline materials (hadrons + C/Be/Al/Ti/Fe/H>0Ol/etc..)

- Neutral hadrondecay (p+C —> W+ X) ____~ Non-negligible contribution
to the neutrino flux
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