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INTRODUCTION:

- Beamlines and fluxes of present and future LBL
experiments

- Lesson learned from present generation of LBL
and hadro-production experiments
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Despite all these differences: general
common needs for hadroproduction
tuning: the topic of this talk

Accelerator
experiments

neutrino oscillations
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- Different proton energy
(30 GeV, 120 GeV)

- Different focusing of hadrons
- Different on/off-axis angle (selection
of most relevant hadrons)

- different neutrino energy flux at Near
Detectors

- Different baseline length - different oscillated
neutrino energy spectrum



Accelerator experiments: nm fluxes
and spectra

T2K: ~600 MeV NOVA: ~2 GeV
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Flux tuning

Yoshikazu Nagai
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Multiplicity

Mostly 30 GeV p+C data by NAG1
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Flux tuning

Yoshikazu Nagai
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Flux tuning
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Multiplicity
Mostly 30 GeV p+C data by NAG1
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| essons learned

Fractional Error

- First order: pC -, K multiplicity and kinematics

- With replica target: able to tune also re-interactions in target + minimize the impact of total
proton cross-section uncertainty
(important to define exactly what do we measure for proton xsec: see Y.Nagai@WAMP )

- Next: re-interactions in the other elements of the beamline (not C) + hadrons outside the
present NAG1 acceptance

Example for next LBL (DUNE): clear need of

T2K (with intensive tuning from NA61 data-taking!) measurements on replica of future targets
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FUTURE NEEDS:
- Precision prospects for future LBL generation

- Implication on precision for hadro-production
measurements

Very rough evaluation!
Detailed studies for next generation LBL on-going ...
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Prospects

Fractional Error

Prospects for DUNE and HK: factor 2-3 better sin’6,, measurement than today for each single
experiment —» need control at ~<1% on flux normalization

T2K (as an example for HK) DUNE
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A systematics with leading impact on total flux rate is the total proton cross-section (aka
Interaction length): today ~2%
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- Need control on neutrino energy: avoid bias in energy scale + precise flux peak/shape before
oscillation + precise treatment of nuclear effects like binding energy
Roughly linear: relative Ev precision ~ relative Am? error (eg, few MeV at T2K for 2% on Arﬁi)



Prospects

Fractional Error

Prospects for DUNE and HK: for each single experiment factor 2-3 better Am? measurement
then global fit today — control at ~<0.5% on “energy scale”

T2K (as an example for HK
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Most challenging systematics on flux shape comes from hadron rescattering error and
untuned interactions (outside NA61 phase space)

Thanks to replica target in T2K: ~ 30% reinteractions in target now under control - still
10% of re-interactions in beamline. New measurements on other target material
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Prospects

For today best fit values of 0, we expect both HK and DUNE to reach ~4-5 sigma sensitivity to
reject the wrong octant: huge increase in statistics of v_sample
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The most important background is the intrinsic v_. component inside the flux (already
present before oscillation): ~10%

To measure v_oscillated signal normalization at ~1% (octant degeneracy breaking) need to
have a relative precision on the v_intrinsic background <5 %



v_flux today

Today uncertainty on v_flux already at 5% level before ND constraints and strong
correlation between v, and v_flux uncertainties:

Correlations of T2K flux uncertainties
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v, flux vs v, flux
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v /v_appearance: CPVand MH
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Prospects

Prospects for next generation: 56 on CPV and MH

What is really important are v /v_anticorrelations, they must be below 2% (the lower, the better

- direct impact on sensitivity and ultimate limitation to it)
No direct anticorrelation from flux uncertainties (but need to constrain v contamination
into v [aka wrong sign])

Correlations of T2K flux uncertainties
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v [v_appearance: §_, measurement

Search for CPV and measuring dCP are two very different experimental targets.
Prospects for dCP precision ~10-15 degrees from each experiment of next generation
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Beam + atmospherics combination

Important to enhance MH sensitivity

HK 10 years (2.70E22 POT 1:3 viv)
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Beam + atmospherics combination

Important to enhance MH sensitivity

HK 10 years (2.70E22 POT 1:3 viV)
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Beam + atmospherics combination

Important to enhance MH sensitivity

HK 10 years (2.70E22 POT 1:3 vi¥V)
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Beam + atmospherics combination

Important to enhance MH sensitivity + DUNE

disentangle BSM effects (NSI, model-
independent CPV, ...) i

and experimental
thanks to much broader range of L/E e
,
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Beam + atmospherics combination

Important to enhance MH sensitivity + DUNE

disentangle BSM effects (NSI, model-
independent CPV, ...) Model parameter
thanks to much broader range of L/E and experimental

parameters (L, E, ...)
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I8, HK 10 years (2.70E22 POT 1:3 vi¥V)
E R {(Known MQ) True NO
It:-:_ e BgaM (Unknown MQO)
14 ——— Atmospherics (Unknown MO)
E Combined (Known MO)

12 e Combined (Unknown MO)

sin(8.p) = 0 exclusion ( \'sz)

4 = 1 2 3
Hyper-K preliminary True
P, _ rue .
True normal ordering, improved syst. (v/V, xsec. error 2.7%) e
sin’(8,;)=0.0218 sin*(8,,)=0.528 lAm3,I= 2.509 x 107 eV?/c*

-1l

One point on

biprobability plot

vtz Inverted

Piv,

008

0.04

000

oon

\n'—. erted

h-::l.'m\§

Impact of NSI

Normal
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Beam + atmospherics combination

Important to enhance MH sensitivity + DUNE
disentangle BSM effects (NSI, model- s One point on \

independent CPV, ) Mn;j;l;zza;ﬁ;ers _ biprobability plot i3

I
and experimental & 4

thanks to much broader range of L/E e T \

-1l

\ noz
S -
8 HK 10 years (2.70E22 POT 1:3 vi¥V) 4 L p
— C b A aopl .. - . .
e f ———— Beam (Known MO) True NO : : noeanz 0 Moo
< |bi— wrrirneneeee - Beam (Unknown MO) 0.0 ' ' ] Plv, = ve)
T 14~ ——— Atmospherics (Unknown MO) :
= [ ———  Combined (Known MO) i T e ]
S 12 Combined (Unknown MO) ' R % Ty
R Impact of NSI
5 = 008
U : -
C il
J_L 'rf 0 Normal
= .
) .
= 0.02
= . _
0a N T 8§ R e
i i 0.00 0.02 1.04 0.0 0.08 Q.10
Hyper-K preliminary True & S
True normal ordering, improved syst. (v/V, xsec. error 2.7%) cp Ve = Yel
sin’(8,,)=0.0218 sin’(6,,)=0.528 |Am3,|= 2.509 x 10~ eV/c* R e, 2 P R 8 5 T ).06
i N x = —0.20
} (015 Original e, = 0 > Gy, =/2 0086 [
Curve (varnes d3) Y b, =m
04+
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~ moving o
=

different (LAE
(with beam)
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Beam + atmospherics combination

Important to enhance MH sensitivity +
disentangle BSM effects (NSI, model-
independent CPV, ...)

thanks to much broader range of L/E

HK 10 years (2.70E22 POT 1:3 vi¥V)

e m Beam (Known MQ) True NO
< Ib:— e Beam (Unknown MOY)
T 14~ ——— Atmospherics (Unknown MO)
= . —  Combined (Known MQO)
= 12 sewviiis Combined (Unknown MO)
% .
o
b
U
==
Il

sin(8.p)

4 = 1 2 3
Hyper-K preliminary
True normal ordering, improved syst. (v/V, xsec. error 2.7%)
sin’(8,;)=0.0218 sin*(8,,)=0.528 lAm3,I= 2.509 x 107 eV?/c*

Correlations between beam __ o0
and atmospheric fluxes? S

In physics models + (in future) =

from common hadroproduction
measurements

True &

0.00

010

& 04

0og
3 N0 Tnver
#

ted

- h-::l.'l.w\§

DUNE
rd Y F One point on
Model parameters . biprobability plot
(812, 613, )
and experimental
parameters (L, E, ...)
\\_ y
) P
0.10
8| Vs, Inverted
=
=
'r[' L}
o
0.00 - n =
000 04 0.0 08
B()
--------------------- 06
A Oy =
Original e, = 0 Oy = /2 )
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-"|.1 L
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different (L)
(with beam)
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Summary of needs for future

Am?: few % ‘energy scale’ of the flux — 0.5% for future

sin2623: few % on normalization of the flux — 1% for future

0,,octant: ~1% on v, normalization of the flux

CPV and MH (for future): <2% on v /v_anticorrelated uncertainties

ACCLIRATLE PRECISE

0., Precision: similar needs as Am?®

But it is more then just better precision: the
challenge is better accuracy!

The precision we require for next generation is g

even beyond today accuracy

The way to face the accuracy challenge is to improve the model of our systematic
uncertainties, including hadroproduction uncertainties:

l.e. complete and detailed parametrization of the uncertainties as a function of neutrino
energy and flavour (as of today) but also as a function of parent particle type, angle
rescattering etc. — all this encoded into our LBL analyses
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The challenge

The statistics will be huge: to accurately constrain systematics uncertainties we
need the correct model of them

- having a full parametrization depending on all the fundamental physics
degrees of freedom will allow to control the physics meaningfullness of ND postfit

ConStI‘aIn'[S SK Vi v-mode
- - — ——r R I T et
£ | Mult. E =
£ ult. Errar N g = 13
53] m .:
= 03 Pion Rescatter Error Uncertainties on _ =
::&: Nucl. Error ) haqm" . -
= Int. Length Error interactions - i
2 . u
] Untuned Int. Error . | =
i—' 02 Replica 2010 Error T2K Work in Progreﬁﬁ b E

o I Replica 2009 Error B g 1.0

o THIR EFrOF

0.9

- Prior to ND280 Constraint

0.8

0.7 :

06 { After ND280 Constraint

—_—
E, (GeV) E, (GeV)
. . . v Mode p-like

— even FD statistics is so large to 106 . .
constrain systematics together with ol 0.5 crerty el i
oscillation parameters by exploiting the by LTS
fact that they are not completely 102 Higet
degenerate between them ] C

Ratio to nominal

- l # I = 1—"_'_'_
Example of “energy scale”: v, can constrain it 8 ca | T 1~
forv._. .

Correlations between v _and v_(and v/v) 0.96

uncertainties needs to be well modeled 0.94 . _ _ . 30

Energy [GeV]
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Proton beam

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
v-Mode Beam Power

V-Mode Beam Power

‘Run3Run6 =~ Run7 Run8 Run9

Run10

______

Proton beam

(30 GeV JPARC, 120 GeV NuMi FNAL)

Next generation
of experiments:
1-2 MW (larger
POT and/or E)

Beam Power per calendar hour (kW)

Accumulated POT (x 10%%)

- . = . : . T . . : . T . T — 0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

P(EW) o« POT (10%°) x E, (GeV)/T (107 s)

NOVA (old)
700 . -
oo S First Analysis ... Total EXposure | ooooooveorereereampeneneee =
2.74x1020 POT-equiv. 6.05x102° POT-equiv. ¢4 . | -

) R U s e e el w £ ﬂ ......... —
o =

400 [etereseraccnanincaiuiinsarnsstasassnsnsnseasosess SUNNENENNNNRA - - - - . cioioiniiiianninias . by (- ZETTER _.:
300 .................... - o K ....E
200 ..... : +§ ._::\-I. thgrassrenae _E
100 E o e L“ ............... Ny, S L R TITTTTRR .._:
0 L5 -

01/01/16 07/01/16

14

12

10

Total Protons (E20)



Proton beam

Pion spectra for different proton momenta
S - n L
E —— 450 GeV/c3 - .
. - po = 450 GeV/c - o G .
106 L 120 GeV /] - 1 po (GeV/e) | (ng) | {pr) (MeV/c) | K/m
E [ 10 0.68 389 0.061
T o, 80 GeV/e 3 7 20 1.29 379 0.078
= s 40 GeV/c 1 5 10 |219 372 0.087
x 0F 2Q Gev/c 1 & 80 [350 370 0.091
© - 1 © 120 4.60 369 0.093
— T T R 45 | 3 368 ¢
Nl 1°: 450 10.8 368 0.098
I c 3 P
o - 1 © _ _
“'_;u. . . 2} Roughly speaking: higher
v 107F E g proton energy produce
= - 1 5 more pions without
o T N increasing much their
107 &= A =
. 5 A = & transverse momentum
= E - 1 O
o i » 1 T~ _
o L o = (but lower energy typically
* allows larger repetition rate)
- 3
1 | codl by eall |
" 10, 197 0 025 0.5 075 1
p. (GeV/c) N T

Pr (GCV/C) »



®m Shape: cylindrical (or ruler) along proton beam direction to maximize the
probability of protons to interact (~50-100cm)

(but re-interactions of hadrons inside the target are an additional complication)

Transversal section should be ~3c of proton beam width (~5-10mm)

® Low Z (Aluminium, Berillium, Carbon, ...) high probability of proton interacting and
low probability of radiating (loosing energy in the target)

= Need cooling (air or water): larger the beam intensity — hotter the target

Graphite core
1G-430U Graphite
26mm¢g x ~90cm sleeve

34
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Horns ocus nt*" parallel to beam axis
N Vu or VM beam (aka Forward/Reverse Horn

Current)

Homi o, T2K-horns
arget (+/-) 250 KA current
Wom Horn3 o Mem
| Horn?2 10cm _ ;_J
o o e
________q:_‘::________ - -F""ﬂ“-—_____hh
180
| NuMI beams
> 140
% 120
gloo HE Beam
E 80
&
60
@]
- 40

E, (GeV)

* multiple horns to

P - 2r p’
(parabolic: same 6
kink for all angles)

Y
Al

J— _é__ S :._ S
profon

recover pion trajectories
not properly focused in
the first horn

=
= underfocused

Horn 2 only
—w=forn 1 only
unfocused

overfocused

[ T
\k \
Horn 2

1 Horn 1

* the pions with smallest angle are the
most energetic — to focus them need

to move the horns

NuMI: 3 possible configurations — 3 beam energies

| LE ME HE |
— = g —» K—» K

35

2nd Homn 2nd Horn
—Z=220m _z_.m_nq__l
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Target 2nd Horn
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2

v T2K flux
Decay volume P
- most v,’s from i ]

m et the hadrons to decay in (u and) v: 2-body decays:

Flux/(cm*50 MeV-10*' p.o.t)

+ +
] + +

p ° ——yay-{ . K-, i . /@

Target il 0 2 4 6 8 10

E, (GeV)

_Decay volume (96 m, v, background in T2K flux

I = mOSt 'Ve’S from i lﬂm; " — ‘Total ND280 v, Flux _

0 I =i H ‘:N_l_ Pion Parents i

3_b0dy decays: E 10° .‘__,," 2222 Kaon Parents h

. ) 2 HH Muon Parents ;

Decay volume (T2K: He filled): W — €V, = ol E

* Long to let most of the pion decaying K* - wle*v, k] . f L 5

. . 2 §
« not too long to avoid muon decay (v, pollution) E i e / -

0 2 4 6 8 10

v, background in T2K flux
-v, [ v largerats

Tolsl NDIED L Flux

high energy due : x—I‘ijJ‘au'nlh %
- lnm £ Kaon Parents -
to hlg h pL Jt- HHHE Muon Parents 3

which cannot be g I’

(de-) focused

Flux/em”50 MeV-10%' p
=3

I'D-" !




Atmospheric parameters: v, disapp

Ap2d Best fit (NH) 30 range
P(v, o v,)~1- sin? 26053 cos® 613 sin? ——32— Am?, A -
1 E|. — N —
. 0.0030
100} D.Carabadijac, T2K I e
' Sl '
gof 40.0028 i /1 (joint fit results from
i i 4 T.Schweitz talk

= 6o} 10.0026% 10 1 1 at Neutrino 2022,
= [ | ~ NUFit 5.1)
| o 30 ;
= - : {0.0024 § J 5[ b
a " - "‘:i ]

20r I =i

: \ 40.0022 1. -
oF le—"p I} Lol il
~ Am2, . . . 24 24 25 28
0.5 1.0 15 am = one 107 eV am2
E, GeV 31
’ T2K runs 1-9

v-mode 1.49 x 10°' POT

- Precise measurement of neutrino energy — 3;<.19‘.3. N . 1.-6.4.%“0?‘.PF’T:
event by event is crucial: good resolution on § 20k % —o90%CL ]
neutrino energy reconstruction + avoid bias 2 asF T it o o, eyt e 68% CL. 3
in energy scale B 2ab £
Precision at few % level (- few MeV) 4 LeE E
B asE =

. : . : < - E

- Correlated effects in neutrino and antineutrino 24 E
(assuming CPT invariance) 23 E
293 0.

. 2 e
sin“0,, (sin"0,,)



Atmospheric parameters:

v, disapp

: o el
P(v, — v,) =~ 1 —|sin® 2053 |cos* 13 sin? — 32—
4E
. , @60
100} \ D.Carabadjac, T2K
58 0.30f D.Carabadjac, T2K
80 o
sin<(268;33) 156 0.25|
P o o
- 60 1548 o020
=t 2 Iy
T 152T T 0.15
= 40' = Zh:L
= m sk
a dsp % 0.10}
20}
48 0.05
of! - 46 0.00} , | i : , ,
| ZAmE . . . 440 445 450 455 46.0 465 47.0
0.25 050 0.75 100 125 1.50 023

E., GeV

- Measurement proportional to number of observed muon
neutrino at oscillation maximum

- nheed control of v, overall normalization at few %
(again correlated between nu and nubar)

- Maximal mixing 0,,~m/4 would be a very interesting symmetry.

Away from that, octant degeneracy due to quadratic dependence on
sin?20 O 03 € [0; 7/4] - lower octant

© 0>3 € [/4, m/2] - upper octant

Best fit (NH)

sin” 23 ﬂ_-l.'nﬁf:::::i:i

H-}_; { F 42.17 -

—{hY

15

NuFit 5.1

Lk
[ "I'llll.]]]] lI.lJJ

0
04 045 05 055 06 06
sinEE

23

s Upper octant |

mm Lower octant
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