p + NuMI replica @ 120 GeV

Laura Fields, University of Notre Dame
NuFact 2024 WG | X3
B aings PAGFL
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EED) FOR NEU TRINO FLUX PREDICTICHESS

Accelerator-based neutrino
experiments rely heavily on
neutrino flux predictions

Extracting oscillation
parameters from data requires
comparisons to predictions.

Neutrino flux predictions
underpin all accelerator-based
neutrino simulations.

Events per Bin

EN
S

—

N A OO 00O O N

Flux [/cm%50MeV/10%'POT)

Neutrino mode flux at the FD

JEEEN EEAE P EERELEE PEThTICL ] |

— Mean prediction |

-o— Data

= I PR RN TR § R B n
02 04 06 0.8 1 1.2
Reconstructed Neutrino Energy [GeV]

(b) v-mode 1Re

T2K, Eur.Phys.J.C 83 (2023) 9, 782

-3
T Dl O R
% — 90% — Analysis A
NE:: E " 68% — Analysis B
< 271 - BestFit — Analysis B, A-like ]

m. _l L] T L] l L] W—' L] l L] T L] l‘-
w 3 1
5 L —90%  — Analysis A
E """ 68% —— Analysis B
1~ .
) + BestFit — Analysis B, A-like
0 .
-1F _:
) — __
-3 -_I R iininssczzazaasi o l;
0.02 0.021 0.022 0.023 0.024
sin’6) ,



NEU [RINO FLUX SIMULATIONS

Neutrino flux predictions start with
detailed simulations of the neutrino

beam line.
horn decay region
B
g W

. i |

are typically used ; ad
to predict hadrons produced In the v e v, ]
beam line that decay to neutrino. \ __________ 2



SIULATION CHALLENGES

NAG61/SHINE Phys.Rev.D 100 (2019) 11, 112004

20< 6 <40 mrad

- But we know simulations are imperfect

d’n/(dpd 8) [rad. (GeV/c) |

* Many models differ significantly from data;

model developers are always trying to improve, but
't Is not realistic to expect perfect predictions of al R et ST
012 100 < 8 < 140 mrad 140 < 6 < 180 mrad ’
processes that matter to flux predictions. K\ Angle (6)
g’l \

180 < 6 <240 mrad

Kaon momenta in 60 GeV/c m+C — K-+X interactions,
measured at NA61/SHINE and compared to two Geant4 —mm>
models, as well as Gibuu and Fluka.

d’n/(dpd 8) [rad. (GeV/c) ')

..................... —— PR P

7
p [GeV/c)

300 < 6 <360 mrad

G4 10.4 QGSP_BERT

— G4 104 FTF_BIC

Target P —
5 Produced K- i GIBUL2019
FLUKA20I |

Incident mt@ ——>l~- oo
X axis = Particle Momentum (p)




EORREC TING SIMULATICHTSES

NA49 Differential Cross Cross Section Measurements
10° &g : |

* S50 we have to fix our predictions X=0.0

X=0.05 (x 107

- [he only practical way to do this is through reweighting B b
¢=0.

x.=0.20 (x 10™%)

X=0.25 (x 10™°)

x=0.30 (x 10®)

X=0.40 (x 107)

- An example of how thin target data Is used, from NuMI/DUNE:

s Complete information about cascades |cading to a neutrino Is

recorded for each proton on target and stored in the flux tuples  + + data
. i
*In MINERVA/NOVA/LBNF analyses, neutrino by:
- s 4 s o
p. (GeV/c)
w — fData, (ajF’ Eh E) Uses differential &
HP o E cross sections Various total inelastic cross section measurements
fMC (vapTv ) g ¢
* Weights for events with multiple interactions in the ancestor chain are the i F 1 1
product of the weight for each interaction § a0
S s oA
* A second weight Is applied to account for : b Do 6o
assuming exponential exponential attenuation of beam: “Ev  LAliaga " Romrt 0
- g BN QGSP o,
190__\7 B P O pros
—Lp(0data—0MC) Total Inlastic Cross S R I B S

50 100 150 200 250 300

wa;tt o 6 seCtions energy (GeV)



Fractional Uncertainty
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0.16

0.14
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0.1
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U UNCERTAINTIES
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—— Total HP —— others
—— pC-->71 X et PC-->KX
—e— NC-->1 X
—e— Meson inc.
—e— Other abs.

----- - nucloen-A

Deeplika Jena
DUNE Work in progress

--------
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"
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-------

llllllll

nucleon A NhucleonX

= Target Absorption

-------
.......

llllllllll

—
—
—

—_—
—
—
—

—
—
—
—

R —
—

Ill|lll|l

16 18 20
Energy in GeV

To construct flux uncertainties, we assign
uncertainties to every interaction in

the simulation, using the PPFX package
developed by MINERVA

In cases where the Interaction has been
measured, we take the uncertainty from
data

In cases where there Is no data, we assign
large (~40%) uncertainties based on
data/MC disagreements where we do have data

* [hose interactions with no data dominate our uncertainties almost everywhere



EORREC TING SIMULATICHTSES

*\Ve need |lots of datal

Flavor: v ; Target: carbon; covered; ND

Other

eta

B DO

-~
2]

2

=)

o

-~
4

Produced particle

pi+

- Work in Progress

- Constrained by data

X

A

o
w

|
SN
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I
w
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B 30

25

20
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10

S
. I S
0

P pi+  pi-

K+ k- n Kl ks eta Other

Interacting particle

Number of Interactions

Flavor: v; Target: carbon; notCovered; ND

Other — 9000
eta 8000
Q.
T_, - —{7000
)
& —{6000
("] ;
SR 5000
8 K
g k 4000
= i 3000
g Unconstrained .
g pi+
1000
D

P pi+  pi- K+ K- n Kl ks eta Other
Interacting particle
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REDRON PRODUCTION EXPERIFIEFSS

This talk The next talk
(Robert Chirco)

EMPHATYC

Then Leo Aliaga will talk about what we’re going to do with all this data!
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NAG6 | /SHINE:OVERVIEW

* Fixed target experiment |ocated at CERN's SPS (Super
Proton Synchrotron)

» Recelves secondary beam initiated by 500 Gevic 5 Df @l

i ety e 2 EEN Ry, To e REERSR T © Serles of magnets selects desired momentum from
TG R A B e o Sl o e 13-350 GeV/c range

. Az-eﬁ:tigz:al Nuclear Research Center, Baku . P?Ial-r\‘gH University of Science and Technology, Cracow
e Bulgaria  Institute of Nuclear Physics, PAS, Cracow y d X J
- Universit o Sfi,Sofia  Jagislanian Universty, Gracon » NA6|’s physics program covers three main topics:

. Ruadjer Boskovic Institute, Zagreb . Jar:v:osc::\yazov;seksila,nivae:s‘;vt;:?(ielce

* France « Warsaw University of Technology, Warsaw o

. GarPNHE, Paris O N e earch. Warsaw * Nuclear physics - Study the phase transition between
* University of Frankfurt, Frankfurt * Wroclaw University, Wroclaw e :
+ KIT, Karlsruhe - Russia hadron gas and QGP and search for a critical point
 Fachhochschule Frankfurt, Frankfurt « Joint Institute for Nuclear Research, Dubna
¢ Institute of Advanced Studies, Frankfurt ¢ Institute for Nuclear Research, Moscow

* Greece * National Nuclear Research Institute MEPhI, Moscow

. G;e;nBlzﬁgsi:‘ty of Athens, Athens . s;r bSI; Petersburg State University, St. Petersburg . C o s m i c ray p hy S i c S . |_| a d r O N p r O d U C_tl O N m e a S U r e M e th S
* University of Warwick, Warwick * University of Belgrade, Belgrade : ;

. Hl:n%abr:vés Lorand University, Budapest . Svyltlzlz;‘\llae:gity of Geneva, Geneva re | e\/ant _tO S p ace an d g ro U N d e base d CO S mi C ray exp e Fim e thS
* Wigner Research Centre for Physics, Budapest * CERN, Geneva

« Japan * United States
 KEK, Tsukuba * Fermilab, Batavia .

\ * University of Okayama, Okayama . gniversity o: ::oloradc“ali Boulder g o H ad I”O ﬂ p I”O d U C-U O ﬂ m eaS U I”e m e thS

* Norway * University of Hawaii, Manoa : : . .

. Univeraity of Osla, Oslo, — - Unlveratty of Pittsburgh, Bitisbargh used to constrain neutrino flux uncertainties for accelerator

based neutrino experiments

~150 Collaborators from 35 Institutions in 15 Countries



NAG6 | /SHINE EXPERIMEN T

~13m

Vertex magnets

MTPC-L

»
I ToF-L

PSD




NAG6 | /SHINE EXPERIMEN T

~13m

MTPC-L

Vertex magnets

>
I ToF-L

Series of scintillator counters serve as triggers, identifying good beam particles.

PSD




NAG6 | /SHINE EXPERIMEN T

~13m

>
MTPC-L
ToF-L
Vertex magnets

Beam Position Detectors (BPD) are proportional chambers that measure transverse position of beam particles

PSD




NAG6 | /SHINE EXPERIMEN T

~13m
<€ »
MTPC-L
ToF-L
Vertex magnets
ToF-F
I FTPC2
FTPC3
ToF-F

An additional scintillator counter downstream of target vetoes beam particles that do not interact

PSD




NAG6 | /SHINE EXPERIMEN T

~13m

Vertex magnets

CEDAR and THC (Cerenkov Detectors) provide particle ID of beam particles.

MTPC-L

>
I ToF-L

PSD




NAG6 | /SHINE EXPERIMEN T

~13m

>
MTPC-L
ToF-L
Vertex magnets

PSD

TPC system tracks charged particles and measures dE/dx with typical resolution of o.../<dE/dx> = .04



NAG6 | /SHINE EXPERIMEN T

~13m

MTPC-L

Vertex magnets

>
I ToF-L

Analysis magnets facilitate charge and momentum reconstruction

PSD




NAG6 | /SHINE EXPERIMEN T

~13m

MTPC-L
ToF-L
Vertex magnets

.......... - pso

ToF-R

New Forward TPCs improve forward acceptance installed in 2016



NAG6 | /SHINE EXPERIMEN T

~13m

MTPC-L

ToF-L
Vertex magnets

Time of Flight System provides particle ID (along with dE/dx in TPCs)

FTPC1
E ................... ——
FTPC3 S5
ToF-F

PSD




NAG6 | /SHINE EXPERIMEN T

~13'm
<€ »
MTPC-L
ToF-L
Vertex magnets

ToF-F

Mo -] eeo
FTPC3 S5

ToF-F

“Projectile Spectator Detector”
Hadron Calorimeter not used for neutrino program

|2



A0 | /SHINE OPERATIONAL ERES

First phase Second phase Third phase
NOW

FNAL-related

T2K-related measurements LS LS2 12K, DUNE

measurements

2006-10 2015-18 2022-25

LS3

2028-7

» Multi-phase program of hadron production measurements dedicated for neutrino physics

- Major upgrades during each Long Shutdown; e.g. Improving forward
forward acceptance and new electronics for ~factor of |0 increase In

- Plans continue to evolve for future upgrades and operations

?Cs (o Imple =

DAQ rate (1o | KEZE)

20



B O | &2 DATA AND RESURES

1 Phys. Rev. C84, 034604 (2011).

2 Phys. Rev. C85, 035210 (2012).

3 Phys. Rev C89, 025205 (2014).

4 Eur. Phys. J. C (2016) 76: 84

5 Phys. Rev. D98, No.5 052001 (2018)
6 Phys. Rev. D100, 112004 (2019)

7 Phys. Rev. D100, 112001 (2019)

8 Phys. Rev. D107, 072004 (2023)

9 Phys. Rev. D108, 072013 (2023)

Thin-Target Measurements

p; T[+/-1 K+/-1
Ko, A, A, ...

p, m, K

2]



e EIN T RESULT: 120 GEVIC T

Il\\llllllll'l|l|||||\|III\IUINIHIHI iﬂﬂﬂﬂ'
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are
binned In p/theta of final
state particle

Dedx distributions are
fit to extract number of
brotons, kaons and pions

Phose nlimbers are
corrected for

Normalized using total
production cross

section (also measured by
NA6 [ /SHINE) to produce

multiplicities per p/theta bin

Positive Track Occupancy (2017)

r— I 106
je t
© 0.4
= Phys. Rev. D108, 072013 (2023) .
0.35
0.3 o
0.25
= 10°
0.2 -
0.15 - 107
0.1 =
— 10
0.05 :
O 1 1 1 | 1 1 L | 1 I_ __ 1
0 60 80 100 120
p [GeV/c]
dE/dx + Tracks, p:[10.0,12.0]GeV/c 6:[40,50]mrad
2 900 |
§ 800 | —Deuterons
S | —Protons
700 | Kaons
f —Pions
o —Electrons
500! Total
400%
300§
200§
100|
06 08 1 1.2 1.4 1.6 1.8
dE/dx (mip)
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e riN T RESULL: 120 GEV

Measured multiplicities: 1", 117, p, P,

NG

Comparison with Geant4 physics lists shows
big discrepancies

Uncertainties dominated by statistics, G4
model uncertainties

Will be used for DUNE and NuMI flux
prediction, replacing older NA49 data

Full covariance matrices provided

£ lecessary

or eva

uating flux uncertainties

ahicl Bip-to-

Bl cor

relations

- = FTF_BIC

Combined Measurement
FTFP_BERT

QGSP_BERT

- - FTF_BIC

Combined Measurement
FTFP_BERT

QGSP_BERT

Uncorrelated Uncertainty
Total Uncertainty
Feed-Down Uncertainty

Physics Model Uncertainty

O o Uncertainty

Multiplicity [1/(rad GeV/c)]

Multiplicity [1/(rad GeV/c)]

7 Multiplicity, [0.005,0.01] rad
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Fractional Uncertainty
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N TARGE T DAITA IN P

e J[otal hadron production uncertainty includes:
 Pion production (proton + carbon)
» Kaon production (proton + carbon)
» Pion production (heutron + carbon)
» Nucleon production (proton + carbon)
» Meson incident interactions
» Nucleon incident interactions
o Absorption outside the target
» Absorption inside the target

» Others not covered by below categories

NAG6I p+C 120 GeV/c results can address the
red items

Fractional Uncertainties

O
N

0.18

0.16

0.14

o
b
N

O
—

|lllllIIIIIIIIIIIIIIIIIIIII

0.08

0.06

0.04

0.02

Current PPFX uncertainty
v, flux, DUNE ND

o Ifr:::SHP — Meson inc

e nucleon-A

<. pC —> KX -~ attenuation
—nC —» xX —absorption
~--:pC > N

L u Ren

:llllllllllll

Stay tuned for more detall on updating PPFX from Leo Aliaga, later in this session
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i OMING RESULL: 90 GEV 1S

- Also have mature analysis of 90 GeV/c¢
proton+C data

« Combined with 60 GeV, |20 GeV/c will

provide important data for validation of
energy scaling in flux predictions

= 0.047500 < CMS Feynmann X < 0.052500

Leo Aliaga Thesis :

i_‘:iz‘_ :

e 0.85F — 158 GeV
o — 120 GeV :
8 080F 100 GeV E
N 075 F — 80 GeV _
2" : — 40 GeV
dc) 0.65 F —— 31 Gev

0.60 .................................................
Sl 01 0.2 03 04 05 06 0.7 08 09 10

Multiplicity [1/(rad GeV/c)]

n Multiplicity, [0.02,0.03) rad

2017 pC90 Data
FTFP_BERT

-~ QGSP_BERT
FTF BIC

- QBBC
geant4-10-07

NAG6I/SHINE
Preliminary

5 10 15 20 25 30 35 40
p [GeV/c]
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L IC A ITARGET MEASUREMERTES

Measure _
differential Thin-Target Measurements
normalized by 0, -, K- p, ', K*,
production _
cross section K, A, A, ...

Replica-Target Measurements

Measure
differential p, 7, K*,
ytelds 1 Nucl. Instrum. Meth. A701 99-114 (2013).
normalized 2 Eur. Phys. J. C76 617 (2016).
by humber 3 Eur. Phys. J. C79, no.2 100 (2019).

* Replica target measurements are the gold standard of hadron production measurements

26



L IC A |[ARGET MEASUREMEN TSE S

SK: Neutrino Mode, v,

Fractional Error

|

0.3

0.2:

* Have ~halved T2K flux uncertainties at focusing peak

[ | | [ I [

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

| | ©xE,, Arb. Norm.

Replica

[ I I D B B

Horn & Target Alignment

Material Modeling
Number of Protons
Replica 2010 Error
= = =« Replica 2009 Error
s Thin Error

12K Work in Progress -

L



R IC A |[ARGET MEASUREMEN TSNS

* ook high statistics
in Z0 e with | 248
GeVie prolons

: N progress for
this data set

* Analysis underway on hadron
vields from this target

* Complicated geometry of
the target, with azmuthal
dependence

28



L A |ARGET MEASUREMEN OIS

* Data with a LBNF/DUNE

prototype target was collected
this summer

+ Designed and bullt &/ RATL i o=
oroup with

* Includes new long-target
tracker designed to mitigate a

significant uncertainty in long target
analyses

—

backward
extrapolation

NAGL D * |dentification of track vertices
etector

along length of target
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P URE: LOV ENERGY BEAS

T2K/HyperK wrong-sign flux uncertainties

ND280: Neutrino Mode, v,

- Many groups are interested in hadron production with £l Unconstrained Interaction () g, Arb. Norm.
beams in the 1-20 GeV region, below the range Sl —fri‘ﬁf?fif‘i‘f,‘;ef‘;‘éfii‘;é‘f‘;m esarement
the current H2 beam Is capable of providing :

o.1:— T Working in progress
* Potential significant improvement in atmospheric
neutrino flux prediction |
: e 1 E, (Gev)°
* FNAL Booster Neutrino Beam
I B B LA LELELE UL BLELEL S NLEL L BN BB
: . : § 0.185_ —-—Tgtal HI;'( — otcr;ersKX _E
 DUNE 2nd Oscillation Maximum € b MCmX  nuceona nucleonX E
B ouf ——obersbs, .- TagetAbopion -
» T2K/HyperK secondary interactions " *"F] DUNEWorkin progress _,?
o.osi e S :
» Spallation sources, cosmic rays, muons... oo~ | - =
0.04]
0.02F
J:

= : = TTTTTE R (T |
b 2 4 6 8 10 12 14 16 18 20
Energy in GeV
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L UINCTUSIt

y currently uses models to predict

strong Interactions that have never been measured

* NAG6|/SHINE 1s working to make our beam simulations

* We welcome new collaborators and can offe
experience In hardware, data collection and data ana

" young researchers

ysis In the coming decade
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EED) FOR NEU TRINO FLUX PREDICTICHESS

* Near detectors are poweriul

- Modern oscillation experiments execute complex fits that rely heavily on a priori flux
uncertainties and correlations

Tomislav Vladisavljevic, Thesis T2K, EurPhstC 83 (2023) 9, 782
T T T T : 1,3 — T T T T T 171 T T T T T 11 T ]
SK RHC ¥, L I B | I =
SK RHC v 1.2 Al
SKRHCV, | = =
SKRHC v, ek 1.1 :_
SK FHC ¥, b A

SKFHC v, [
SKFHC v, [

SKFHCv, [ &

S
=

ND280 RHC ¥, A
ND280RHC v, %
}

ot
0

Ratio to generated value
o
=

ND280 RHC 7, [ i e i - -
ND280RHCv, J & 0.7 - Before ND280 analysis —
ND280 FHC ¥, - .
ND280 FHC v i 0.6 — ) =

° e + After ND280 analysis Z
ND280 FHC ¥, & - ]
ND280 FHC v, L INT 0.5 P

-1
10 1 10

Neutrino Energy [GeV]
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feE22gg8¢8
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https://link.springer.com/book/10.1007/978-3-030-51174-6#author-0-0

NG/ SHINE PARTICEE T

. . -l K™
» The TPC system provides high- s A dE/dX—!wz
efficiency, high resolution charged-particle 'g A B
tracking P e oo
o e s -~z
w15 SEE 3
: provided by a combination L e |
0 IbF and TPC dE/dx B T R Y

p [GeV/c]
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