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Introduction



Main Focus: Accelerator-Based Neutrino Experiment

Hyper-Kamiokande

J-PARC beamline (30 GeV proton beam) A long-baseline neutrino experiment
experiments: T2K (running), T2HK (2027~) to primarily study neutrino oscillation.



Long-baseline Neutrino Experiments

example:
T2K experiment

Beamline Near detector Far detector
Create intense Flux and cross section constraint for Count I/, and U/, appearance signals
Vyand V, beams far detector prediction (measure the size of CP violation)
by shooting proton  Near detector physics measurements Measure /;, and DM disappearance
beam.s on target, —> neutrino-nucleus crc?ss sections, — > neutrino oscillations
focusing hadrons, search for new physics, etc
and letting them
d t gt. NFDOC/(I)FD'O-'PoschV
ecay to neutrinos Nnp /(I)ND .o dE,

DPinitial X / Rrp - ®Np -0 Pose dluy
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example:
T2K experiment

Long-baseline Neutrino Experiments

B

eamline

U

Create intense
Vi and Vy, beams
by shooting proto
beams on target,
focusing hadrons,
and letting them
decay to neutrino

Dinitial

~

N

S

Main question of this talk:
How many neutrinos does the accelerator
produce and shoot towards the detector?



Neutrino Beamline at J-PARC

To understand neutrino beams...
How many primary protons?
Proton beam profile on the target?
Secondary hadron production?
Magnetic field of horns?

Muon profile after decay of
secondary hadrons
etc...

We need to know these parameters
very precisely.

This talk focuses on production of
hadrons which are ancestor of
neutrinos

(neutrino) (antineutrino)
t — ,u+yu (O VR 7



How to Make a Neutrino Beam

Dimension not to scal
(Dimension not to scale) ®B Decay volume (Helium filled)
target (graphite) Tt
Primary >®
protons >8
magnetic

Beam Muon
dump monitor

T2K decay
volume (110 m)

Hadron productions of rtand Kithrough primary interactions in the target
—> Primary contribution to the neutrino flux 8

T2K target (90 cm, 1.9 A)




Uncertainty on Flux Prediction

How well do we understand neutrino flux?

' Beam peak @ 600 MeV J-PARC beamline (T2K flux)  T2K: Phys. Rev. D87, 012001 (2013)
fg 1 1 T I 1 1 T l 1 T T I 1 T 1 I T 1 T : ND28O Vu Flux
* 1012 TOtal h'ngo vu Flux — 0'3 T T T T LI B I | L
ol Pion Parents 3 - Total i
2 . I //27. Kaon Parents - | = Hadronic Interactions -
> 10 8 . | = L Proton Beam, Alignment and Off-axis Angle -
: H-H-H Muon Parents =
%) i | . % 0.2 = — — Horn Current & Field _I—
- 1 = i Beam peak @ 600 MeV | ]
) g E ;
NE J S i —_vd L ]
5 18 oL .
- s 0.1
> 5 = i |
= 7 - .
i 7 i i

E, (GeV)
A leading source of the systematic uncertainty !!

Goal: below 5% (next few year), below 3% (for next generation experiments)




Constraining Hadron Production Uncertainty

Neutrino flux predictions rely on model predictions

FLUKA (J-PARC/T2K) to simulate p+C —>hadrons . 2emine atiiAL

. . . (MINERVA flux)
Geant3 to simulate the rest of interactions S s
. T . .rpe s [ —— FTFP_BERT
However, hadron production prediction is difficult...z so- il QGSC_BERT
% B - | —— QGSP_BERT
“ 600 i —— FTF_BIC
External data is necessary to constrain ST E .
uncertainty on model predictions o TR I Z G S
: : + +
200—
External hadron production measurements are essential! - u BV
0|||||||| ||||||| — 1 P P BRI R
Allaby et al  Tech. Rep. 70-12, CERN (1970) o2 e E B e Enerey (Gev)
Eichten et al Nucl. Phys. B44, 333 (1972) Leonidas Aliaga (Ph.D Thesis, 2016)

BNLE?10 Phys. Rev. C77, 015209 (2008)
HARP Nucl. Phys. B732, 1 (2006), EPJ C52, 29 (2007), Astr. Phys. 29, 257 (2008)
NA61/SHINE (running, see following slides)
EMPHATIC (running, arXiv:2106.15723)

Only some key data sets relevant to the
T2K beam energy (30 GeV) 10




NAG1/SHINE Measurements for T2K



The NAG61/SHINE Experiment

“The SPS Heavy Ion and Neutrino Experiment”

Over 150 physicists from 30 institutions and 15 countries

NA61/SHINE
(SPS north area) \

<— CERN (main site) .



NAG61/SHINE Experimental Facility

A fixed target experiment at SPS with
Good beam particle selection
(p, i, K) using beamline Cherenkov

detectors
Large acceptance spectrometer

for charged particles
* Time Projection Chambers (TPCs)
for tracking and dE/dx
e 2 dipole magnets with 1.5 T field
e Time-of-flight detectors placed
downstream

Precise tracking with:
e Particle identification
e Momentum measurement

top-view

13



NAG1/SHINE Measurements for T2K

Thin target: p@30 GeVon 2cm graphite target

e total cross-section and - spectra measurements (Phys. Rev. C84 034604 (2011) )
e K+spectra measurement (Phys. Rev. C85 035210 (2012) )
* KOs and A spectra measurements (Phys. Rev. C89 (2014) 025205 )

e total cross-section and - K+- p, K0s, and A spectra measurements (Eur. Phys. J. C76 84 (2016) )

7.‘_:|:
Thin graphite target C
Irap o p@30 GeV K*
> »
0
Kg
A

e Total cross section (hadron production cross-section)

. Diff2erentiol Cross section or multiplicity of each particle species
d*o d*n
| dpdd — P dpdo ) 14




NAG1/SHINE Measurements for T2K

Replica target: p@30 GeV on ?20cm replica graphite target

 methodology, - yield measurement (Nucl. Instrum. Meth. A701 99-114 (2013) )
e - yield measurement (Eur. Phys. J. C76 617 (2016) )

e -, p, and K*- yield measurements (Eur. Phys. J. C79, n0.2 100 (2019) )

e proton beam survival probability measurement (Phys. Rev. D 103, 012006 (2021))

/{vﬂ p Show results briefly
T2K replica graphite target p@30 GeV H__—
(90 cm, 1.9 )\) P >—>p p
\K:I:
................. >

position Z
: : . o d°n
e Differential hadron yields or multiplicity ( dpd0dz )
e Hadron production cross-section via beam attenuation

15

_L ro
(Psurvival — € "Tprod )



T2K Replica Target Results

Tt K+ P —}— NAB1/SHINE

P i :
A‘Zl —— /6 p+ T2K replica@30 GeV |— NuBeam
24 75 Eur. Phys. J. C79, no.2 100 (2019) |___ QGSP_BERT
G4.10.03
— 60 < 6 < 80 mrad «10°  60<0 <120 mrad 60 < 6 < 100 mrad
§ 3 .,_i_..,...,...,...,...,...,...,._ P 0_20_...2.).............................._
0.4F 3 40 : :
O = L L -
O x0 , /2 ! 0.15F /2 -
© 0-3._ " ‘\ . 30_ L i
E - < ' - [ i
= L, J 1 f 0.10F .
0.2F 2 : :
3 Pt T\ 1 2| : :
©I8 o X 1 10f 0.05F ;
L& o.f i ~d oo .
z 005276810 12 14 16 O 10 90092768 M0 12 14 16

p [GeV/c] p [GeV/c] p [GeV/c]

15 6-bins for 0 < 6 < 380 mrad (Zl-ZS)) ( 4 B-bins for 0 < 6 < 280 mrad (Z1-Z5) ) ( 10 6-bins for 0 < 6 < 380 mrad (Zl—ZS))
10 6-bins for 0 < 6 < 300 mrad (Z6) 2 6-bins for 0 < 6 < 120 mrad (Z6) 8 0-bins for 0 < 6 < 260 mrad (Z6)

Negative pions and kaons have been measured as well. 16



T2K Replica Target Results

. L p -+ T2K replica @30 GeV

P , _ e—Lnaprod
survival —

Phys. Rev. D 103, 012006 (2021)

A production cross section measurement using the attenuation of beam particles
—> Achieved 2% total uncertainty in good agreement with past measurements

17



How to Improve Flux Model with External Data

Two corrections to constrain model ambiguity
Interaction length: Tune production cross-section to external measurement
Multiplicity: Tune differential hadron multiplicity (differential cross-section) to
external measurement

Primary Tt
protons p

S 27

18



Flux Uncertainty with NA61/SHINE Data

SK: Neutrino Mode, Vi

S [ | I I I T T I T I L ]
= ~ Horn & Target Alignment |
aa Hadron Interactions
= 0.3 Material Modeling ]
8 B Proton Beam Profile & Off-axis Angle Number of Protons 7
= B Replica 2010 Error N
S B Horn Current & Field = = =« Replica 2009 Error N
ia 0 2‘_ [ ®xE., Arb. Norm. s Thin Error N
= T2K Work in Progress
: Replica - Lukas Berns (NBI 2019)
ey 2009 Replica 2010 ,--—
O-lrpe----- : @_[ o
- = :
- =T T |
ok = =
107 1 10

Replica target measurements willimprove uncertainty down to 5%
—> Huge improvement has been achieved
—> Nevertheless, precision is not enough. T2K/Hyper-K goal is 2-3% !!



T2K: Constraint on J ce Phase

2
T

LI I L I LI l T 171 I L I LI

n

= B _
<1 925 —
~— —— Normal ordering ]
20 Inverted ordering ]
N 16 CL :
— 90% CL _
15 [ [ a2ccL ]
- [JsecL —
o= SN —
Ja Y ' N |
0 1 1 I | S |

-3 -2 -1 0 1 2 3

5CP

Nature 580, no.7803, 339-344 (2020)

T2K set the most stringent constraint on the CP-phase in neutrino oscillations.
—> NAG61/SHINE data have largely contributed to achieve this milestone!

(note: T2K Nature result used only NA61 thin target data —> result will further improve)
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An Idea for Future Improvement



Understanding Various Neutrino Sources

As we discussed, precise flux knowledge is a key input for neutrino experiments

T2K (Hyper-K) LBNF/DUNE Accelerator neutrinos
(T2K, HK, DUNE, SBN,
etc...)

(I have spoken about T2K)

MLF

SNS (COHERENT) (SNS2)

Neutrinos from spallation neutron source

Atmospheric neutrinos
A common bottleneck on flux prediction: Hadron production

(not much data available for low-energy region 1-10 GeV) 22



Hadron Production & Flux Prediction

Neutrinos from spallation neutron source Atmospheric neutrinos

neutrinos from pion decaY'at'rESt source neutrinos from Secondary hadrons
(3 GeV proton beam at MLF) (1-10 GeV proton data are crucial)

A common bottleneck on flux prediction: Hadron production (1-10 GeV) .,



Low-Energy Beamline at the CERN H2 beamline

We are finalizing the design of new tertiary low-E beamline at CERN SPS H2-bemeline

e Low-Energy = 2-13 GeV —> the lowest energy NA61 achieved was 13 GeV

e proton, pion and kaon beams with good beam particle ID
We have submitted a document to express our intention to build a new beamline at CERN
SPS —> we seek official project approval in next year

e Construction: 2022 - early 2024

* First beam, second half of 2024

~45m
CAD rendering of beam area beam particle tracking in low-E beamline

24



Low-E beamline: Project Detail

Dedicated workshop last year Submitted project document in October

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

sl./’.’me

October 22, 2021

Addendum to the NA61/SHINE Proposal:
A Low-Energy Beamline at the SPS H2

The NAG61/SHINE Collaboration
and
The H2 Low-E Beamline Working Group

‘This document describes our intention to build a tertiary hadron low-energy beamline at
the

© 2021 CERN for the benefit of the NA61/SHINE Collaboration.
roduction of this article or parts of it is allowed as specificd in the CC-BY-4.0 license.

https://indico.cern.ch/event/973899 http://cds.cern.ch/record/2783037

Open to everyone! If you are interested in, please subscribe to the dedicated e-group
‘naél-lowe-beamline” from here: https://e-groups.cern.ch (or contact me if you cannot) ¢



https://indico.cern.ch/event/973899
http://cds.cern.ch/record/2783037
https://e-groups.cern.ch

Summary

Precise flux knowledge is crucial for accelerator-based neutrino experiments

e Hadron production is the leading source of flux uncertainty

External hadron production measurements are essential to reduce the leading

systematic uncertainty on neutrino flux prediction
* NA61/SHINE measurements largely improved T2K flux prediction

A new idea to further improve flux knowledge: building a new low-E bamline
e [tis not only for conventional neutrino beams but also for other neutrino sources
e The low-E beamline can start operation after 2024 at the earliest (if approved!)



27



Neutrino Oscillation in a Nutshell

Neutrino flavor eigenstates are not the same as neutrino mass eigenstates
—> the mixing of flavor and mass eigenstates leads to oscillations

: Describe neutrino oscillation phenomena with
Flavor eigenstates . : -
3 mixing angles, 2 independent mass splittings,
(VevVlMVT) and 1 CP phase
neutrino states on their interactions 1 1 )
© o PM NS 1Am§1 Amgl
Vn — . D)
matrix I or
Vr V3 Am%QJ
Mass eigenstates Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrix

(V17V27V3)

neutrino states on their propagation

cij = cosb;; s;; = sinb;;



Neutrino Oscillation in a Nutshell

Two-neutrino mixing approximation (for simplicity)

2 .2 .2 2 2 (L(km)w
Pv; = vj) = | <wylyj;t > |7 =sin“260 sin”(Am=(eV~) )
E(GeV)
| L . /)
Two neutrino approximation
1.0 A
: Oscillations are seen
! as a function of L/E
£ 06 —> Design experiments
igj 04 to maximize oscillation
~ probability based on this
0.21 parameter
0.0/

L/E (km /GeV)

29



Neutrino Oscillation in a Nutshell

Three-neutrino oscillation probabilities
(vu disappearance) Vi

P(v, — v,) = 1 —4cos*0;3sin’fs

x (1 — cos?f;3 Sin2923) sin? (

1.27TAm3,L Vr
D

1.27Am§2L)
E

sign changes 127Am%1L . 9 127Am§2L Ve
b/wvandv g E Sm E

The size of CP symmetry-violating effect depends on the Jarlskog invariant:

(ve appearance)

P(v, — ve) ~ sin®(20;3) sin®fa3 sin®(

1
[J(;p =3 cost3 sin(2615) sin(26s3) sin(2613) sin5cp] (if &cp = 0 or 1, CP symmetry is conserved)

30



NAG61/SHINE Physics Program

Hadron beams lon beams

° pr]mgry pro’[ons at 400 GeV/c ° primc:ry (Ar, Xe, Pb) at 13-150 AGeV/c

« secondary hadrons (p, m, k) at 13- 350 GeV/c e secondary Be at 13- 150 AGeV/c

(from Pb fragmentation)
Broad physics program
e Neutrino

e Hadron production measurements to improve neutrino beam flux predictions

e Strong interaction / Heavy ion
e Search for the critical point
e Study the onset of QCD deconfinement
e Study open-charm production mechanism
e Cosmic ray
* Hadron production measurements to improve air-shower model predictions
e Study (anti-)deuteron production mechanism for the AMS and GAPS experiments
* Nuclear fragmentation cross sections to understand cosmic-ray flux

31



How to Make a Neutrino Beam

(Dimension not to scale) ®B
hi >
I I I
target (graphite) U+
| - T
Primary — A v
protons

magnetic horn (Al)

Hadron production process can be more complex: Mo
Secondary interactions in the target (hadrons + C/Be) T2K magnetic horn
Secondary interactions with horn or beamline materials (hadrons + X)

Neutral hadron decay (p + C/ Be —> VO + X)
—>Non-negligible contribution to the neutrino flux 32




Thin Target Measurement

Thin target: a few % of nuclear interaction length (A) to study single interactions

e Total cross sections (inelastic and production cross sections)

-~
-
-
-
-
-

Py dx

’ —

Py —> Results are used to
correct hadron interaction length
(probability of interaction)

W(p1,p2,x1,T2) =

UMC(pl)

— Udata(pl) . e—icl[adata(pl)—GMc(pl)]p . 6—$2[0data(p2)—01\/[c(p2)]ﬂ

[Pinteraction ) Pescape]data

[Pinteraction ) Pescape]MC

—> Results are also important to obtain proper normalization
for the differential cross section yields

<

33



Thin Target Measurement

Thin target: a few % of nuclear interaction length (A) to study single interactions

2
 Measurement of differential cross sections ( d’o ) T
dpdf K*

We measure differential production yields ( d*n N(p,0) ) g g
o y Zodg = N (:0) \IXS

(yield of particles per interaction, momentum, radian)

th late to differential cross section via Oprod d*o d*n
en, rela | | ion Vi : = Oprod 7,
PrOC - dpdo — "V dpdo

—> Results are used to calculate weights for each
interactions (4%) to correct neutrino flux predictions

Primary
protons

34



Replica Target Measurements

i D
Replica target: 72K (20 cm graphite), NuMlI (120 cm graphite) P /{é __—>
d>n —
e Measurement of differential production yields | = N(p,0,z)) T~ K
dpdé’dz _________________ >
(vield of particles per interaction, momentum, radian, z) position Z
—> maybe also ¢ if target cross-section is not circular, like NuMl target
| T+ Weights for each exiting point () to apply
Primary correction to neutrino flux prediction
protons
———
>
K+
* Measurement of beam survival probability ( Pyypvival = e~ Lnoprod) P
----------------- _>

(L: length of target, n: number of atoms per unit volume) =

—> Results are useful to understand beam attenuation inside the target via
Oprod measurement 35



Note: Notation of Production Cross Section

Not all experiments use the same definition for the production cross section

Coherent elastic process:
interaction on the nucleus

—> O ¢]

Quasi-elastic process:
interaction on bound nucleons —> O'qe

Production process: —>0jnel
interaction with new hadron production

—> Oprod

Use this definition through the talk
(T2K uses this definition)

. . ey O = 0 — 0.1 — O SO : N
NUMI flux tuning definition: = 7€l total el qe —> Oprod in our definition

O absorption — Ototal — Oel —> Oinel in our definition
Earlier experiments: mixed up inelastic and production cross sections

e.g. Denisoy, et. al (1973): Oabsorption — Ototal — Oel —> Ojnel inour definition

e.g. Carroll, et.al (1979): Oabsorption — Ototal — Oel — Oge —> Oprod in our definition 36



Measurements for the T2K Experiment



T2K Replica Target Results

7T KT P

p i“ 76 P+ T2K replica@ 30 GeV
WZ1 72273 Z4' 75 Eur. Phys. J. C79, no.2 100 (2019)

a /L2 /3 /4 /5 /6

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

38



T2K Replica Target Results

7T KT P

18cm

p + T2K replica @ BOGeV

a e %
o\ %,
ERRRAN N R

E- ok . %
<, "
L2 I
* 3 M
LR 4 5
. L
%, ;. s
. -, N s
g &
i
x v
g

0
AT
LY
1
A\

o S A8 s

04 02 0 02 04 06 08 1 12 14

m2.e [GeV/c']

’ "p:'r:-:“:i‘-i “1»1 [ T O Y AT
0809 1 111213

141516 1

7
dE/dx [mip]

A, = (2056+46)
A, = (399+21)
A_. = (4732+69)
A.. = (390+20)

a

n+

e+
p
K+

1

11 12 13 14 15 16 1.7
dE/dx [mip]

(This shows hadron distribution contributing to the T2K flux, not NA61 data) 39



T2K Replica Target Results

Tt K+ P —}— NAB1/SHINE

P i :
A‘Zl —— /6 p+ T2K replica@30 GeV |— NuBeam
24 75 Eur. Phys. J. C79, no.2 100 (2019) |___ QGSP_BERT
G4.10.03
— 60 < 6 < 80 mrad «10°  60<0 <120 mrad 60 < 6 < 100 mrad
§ 3 .,_i_..,...,...,...,...,...,...,._ P 0_20_...2.).............................._
0.4F 3 40 : :
O = L L -
O x0 , /2 ! 0.15F /2 -
© 0-3._ " ‘\ . 30_ L i
E - < ' - [ i
= L, J 1 f 0.10F .
0.2F 2 : :
3 Pt T\ 1 2| : :
©I8 o X 1 10f 0.05F ;
L& o.f i ~d oo .
z 005276810 12 14 16 O 10 90092768 M0 12 14 16

p [GeV/c] p [GeV/c] p [GeV/c]

15 6-bins for 0 < 6 < 380 mrad (Zl-ZS)) ( 4 B-bins for 0 < 6 < 280 mrad (Z1-Z5) ) ( 10 6-bins for 0 < 6 < 380 mrad (Zl—ZS))
10 6-bins for 0 < 6 < 300 mrad (Z6) 2 6-bins for 0 < 6 < 120 mrad (Z6) 8 0-bins for 0 < 6 < 260 mrad (Z6)

Negative pions and kaons have been measured as well. 40



T2K Replica Target Results

. L p -+ T2K replica @30 GeV

P , _ e—Lnaprod
survival —

Phys. Rev. D 103, 012006 (2021)

A production cross section measurement using the attenuation of beam particles
—> Achieved 2% total uncertainty in good agreement with past measurements
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8CP

Constraint on 6 cr Phase

T2K Run 1-10 Preliminary

T2K Run 1-10 Preliminary

3 — I I S I I S I ] 1 - I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I —
= Reactor Constraint _ X N ]
N ] 25— . _
2 — T2K only 90% — ] —— Normal ordering -
- - 20f- Inverted ordering B
1 I T2K Oll].y 68% ] - : 16 CL 7]
- = - 90% CL .
- s T2K only Best Fit . 15 E=H2ec _
0 — ] L [J3ccL _
- —— T2K+Reactor 90% K -
-1 A5 — 10— _ _ _ _ _ _ /AN —
- N S R T2K+Reactor 68% - .
2 L . 5E -
B VA | 4 T2K+ReactorBestFit 1 = — b= — — =~ 1 T T~ — — —\|—
_3 _— 1 1 k} 1 1 1 I Il, 1 Il 1 ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 T— ! | I 1 | 1 1 I 1 1 1 1 I 1 1 1 1 I
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 1 2 3
. 2

sin“6,, Scp

The most stringent constraint on the CP-violating phase in neutrino oscillations !!
42



Events

Extracting Oscillation Parameters

T2K Run 1-10 Preliminary
T T T T T T I T T T I T T T

35 3
[ ==a. Tol Pred., 5= g Vo v, 8,,=0
30F -
I Tot. Pred., 5 _=+5 V=V, 8,,=0 E
25 ° i =
-~ —e— Data Background ]
20— l -
15 :_ P v-mode_:
- - both 3
10;_ 1 samplesé
s« ik -
R
10~ -
8- -
6 —— v-mode
4 -
2- o -
o
0 0.2 0.4 0.6 0.8 1 1.2

Reconstructed Neutrino Energy (GeV)

Antineutrino mode e-like candidates

T2K Runl-10 Preliminary

’¢’ 6CP = +T[/2

Ocp=0o0rm

T2K data

_IllllllllllIIIIIIIIIIIIIIIIIIII-

llllll[llllllllllllllllllllllllllllllll

50 60 70 80 90 100 110 120

Neutrino mode e-like candidates

12K data prefers écp = -11/2 hypothesis

12K data weakly prefers non-maximal sin2623
12K data weakly prefers normal hierarchy
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