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 Systematic uncertainties on neutrino flux:
* main contributions;

* current method for systematics assessment;

« Systematics on neutrino flux with lepton monitoring:
 constraining the flux exploiting leptons observables;
* fit model for the flux constraint;

« validation of a toy fit model;

« Conclusions and next steps;



Systematics on v-flux

Sources of systematic uncertainties with major impact on neutrino fluxes:
» hadro-production;

PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

» beamline geometry & focusing;

Neutrino flux predictions for the NuMI beam o
L. Aliaga et al. (MINERVA Collaboration)
Phys. Rev. D 94, 092005 — Published 29 November 2016; Erratum Phys. Rev. D 95, 039903 (2017) um

For instance, looking at MINERVA and T2K Collaborations:
. mie oo cimgaice | s [l

% hadro-production: dominant contribution >

Vol. 94, Iss. 9 — 1 November
Knowledge of the neutrino flux produced by the Neutrinos at the Main Injector (NuMI) beamline is 2016

(] M I N E RVA: ~ 7 % a ro u n d th e V _'Fl ux pe a k essential to the neutrino oscillation and neutrino i i of the MINERVA, MINOS +

,» NOVA and MicroBooNE experiments at Fermi National Accelerator Laboratory. We have produced a

. flux prediction which uses all available and relevant hadron production data, incorporating
& ~ 9 % at h I g h e n e rg y (E > 7 G e V) . measurements of particle production off of thin targets as well as measurements of particle yields
v ~ I from a spare NuMI target exposed to a 120 GeV proton beam. The result is the most precise flux
prediction achieved for a neutrino beam in the one to tens of GeV energy region. We have also
the iction to in situ of the neutrino flux and find good agreement.

* T2K: ~10% around the v-flux peak oo
& ~15 — 18% in the high energy tail (E, = 5 GeV); PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

Highlights Recent Accepted Collections Authors Referees Search Press About

% beamline geometry & focusing: after hadro-production
. . . . T2K neutrino flux prediction o
IS t h e m a I n CO nt rI b ut I O n K. Abe et al. (T2K Collaboration)

Phys. Rev. D 87, 012001 — Published 2 January 2013; Erratum Phys. Rev. D 87, 019902 (2013) um
« MINERVA: dominant, ~6%, in the region o RN ., T ... |
where the flux decreases (4-5 GeV); >

Vol. 87, Iss. 1 — 1 January 2013
The Tokai-to-Kamioka (T2K) experiment studies neutrino oscillations using an off-axis muon neutrino

[ T2 Kc CO m a ra b | e to h a d ro - ro d u Cti O n a ro u n d beam with a peak energy of about 0.6 GeV that originates at the Japan Proton Accelerator Research
. p p Complex accelerator facility. Interactions of the neutrinos are observed at near detectors placed at
280 m from the production target and at the far detector—Super-Kamiokande—located 295 km away.
t h e v _-Fl X e a k . The flux prediction is an essential part of the su ful liction of neutrino i ion rates at the
u p I T2K detectors and is an important input to T2K neutrino oscillation and cross section measurements.
A FLUKA and GEANT3-based simulation models the physical processes involved in the neutrino
production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons Access Options

and muons that produce neutrinos. The simulation uses proton beam monitor measurements as

» MINERVA further improves flux precision (~4%) with v,e~ scattering;

including recent charged pion and kaon measurements from the NA61/SHINE experiment. For the first Log in with individual APS Journal

T2K analyses the uncertainties on the flux prediction are evaluated to be below 15% near the flux Account »

peak. The uncertainty on the ratio of the flux predictions at the far and near detectors is less than 2% og in with a username/password

» T2K furrther improves flux precision (~5%) with replica target;



Systematics on v-flux

In general, how are the systematic contribution treated:

< Hadro-production: interaction of protons w/ target & hadrons produced inducing neutrinos

Proton-target Beamline simulation
interactions simulation (G4Beamline,
(FLUKA, GEANT,...) GEANT4,...)

Input:

» hadro-production data

Re-weight MC simulation:
* rescale each step in particle Nominal neutrino flux
chain producing a v

Set of N
re-weighted
MC

Set of N Neutrino flux
heutrino flux covariance matrix

Input:
> covariance matrix

hadro-production data



Systematics on v-flux

In general, how are the systematic contribution treated:

% beamline geometry & focusing: alignment & shape of magnetic elements, fields

Input:
» nominal values for
beamline parameters

Nominal beamline
simulation Nominal neutrino flux
(G4Beamline, GEANT4,...)

Proton-target
interactions simulation

FLUKA, GEANT....
(ARG E o) Two beamline +1o

simulations neutrino
(G4Beamline, GEANTA4,...) fluxes

Neutrino flux
covariance matrix

Input:
» +10 values for
beamline parameters




ENUBET: monitoring leptons from
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The ENUBET facility nadror
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K/ decays

In ENUBET we have
access
to the observables
related to the leptons
produced together
with neutrinos
(taggable component)
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Constrain on neutrino flux

But how do we actually do
this, taking into account
also the previous procedure

described?




v-flux with lepton monitoring

Flux systematic treatment including ENUBET information:

% Hadro-production: interaction of protons w/ target & hadrons produced inducing neutrinos

Proton-target
interactions simulation
(FLUKA, GEANT,...)

Beamline simulation
(G4Beamline,
GEANTA4,...)

Input:
» hadro-production data

Re-weight MC simulation:
* rescale each step in particle =
chain producing a v

Nominal neutrino flux

(pre-fit)

Set of N
re-weighted MC =

Input:

Set of N
lepton

observable
templates

» covariance matrix
hadro-production data

Set of N
neutrino fluxes

Nominal lepton
observable templates
Neutrino flux

covariance matrix
(pre-fit)

+10 lepton
observable
templates




v-flux with lepton monitoring

Flux systematic treatment including ENUBET information:

% beamline geometry & focusing: alignment & shape of magnetic elements, fields

Input:
» nominal values for
beamline parameters

—

Nominal neutrino flux

Nominal beamline
simulation -
(G4Beamline, GEANT4,...)

(pre-fit)

Nominal lepton
observable templates

Proton-target
interactions simulation
(FLUKA, GEANT,...)

—

—

Neutrino flux

+1o
Two beamline neutrino fluxes
simulations

(G4Beamline, GEANTA4,...) t+10 lepton
observable

templates

covariance matrix
pre-fit

Input:
» +10 values for
beamline parameters



v-flux with lepton monitoring

Flux systematic treatment including ENUBET information:

“ build a model exploiting leptons templates in order to asses the impact on neutrino flux

Nominal lepton
observable

templates
Re-weighted

neutrino flux
Produce & fit Get a posteriori Re-weight MC (post-fit)

N toy-MC parameters using a posteriori
experiments (HP & beamline) information Neutrino flux

Signal+background
model PDF

covariance matrix
(post-fit)

+10 lepton
observable
templates




Fit model for v-flux constrain
Nominal and +10 templates for the lepton observables are used to build the PDF:
PDFgxt (Nexp, @ B) = Ns(@ B) - (¢, B) + Ng (¢, B)  B(@ B)
 a: set of hadro-production nuisance parameters (taking into account their correlations);

* [3: set of beamline nuisance parameters (uncorrelated);

Parametrization of signal/background number of events (N) and template shape (T)
variations w.r.t. nominal (N, Ty):

N(a), [_3)) =No-(1+F,-a+7g- E) Takes into account normalization systematics

relative variation w.r.t. nominal values due to +10 variation

T(a, E) =Ty -(1+0a- AT)OC + [_3> . AT)B) Takes into account shape systematics
EML fit approach:
L(N|Nexp) = P(N [ Newp) - | [ P(N: 1 PDF e e, @ F)1) - pelf & 0,1) - petfy (B | 0,1)
bins

parameters are constrained by19|1eir pdfs




A toy fit model for K,, signal

Building the model in practice:

 use RooFit for the building blocks (extensively used and tested by the HE community);

* test on a toy hadro-production model,

« multi universe method to propagate uncertainties from HP parameters to flux/observables;

Error bands from the many universes method

Mike Kordosky
April 4, 2012

This document describes a method for varying model parameters with a known covariance matrix to
produce an error band representing the effect of model uncertainties on any distribution influenced by the
model. The influence can be whole (the model predicts all features of the distribution) or partial (the model
only predicts some features). The influence can be direct (the model predicts the distribution) or indirect
(the distribution is a function of the quantity that the model predicts). The discussion is based on a toy
model for the neutrino flux. The model has uncertain parameters which are correlated. Neutrino energies and
pseudo kinematics are functions of the flux predicted by the model and also of some additional underlying
random variables.

Procedure:

-

N
The toy HP model

E—dga x f(zp,pr) = a(l —xp)? x ppeT
dp? o | t Tﬂ

Nominal parameters Uncertainty & correlation

o=10% c¢= {0‘1 +1.0 +0.2

+1.0 —-0.1 0.0
0.0 +40.2 +1.0)

* draw events from toy HP model and assign mock kinematic vars:

* 1 set w/ nominal values from parameters;

* N sets corresponding to (a, 8,y) drawn from covariance matrix;

* events in each set are re-weighted: w = f.o., (X5, 7)) / from (XF, PT);

* N realizations of flux and observables: V;; = % YN (Phom — PL) - (qb,{om — ¢,{)

Mock kinematic vars

/.U
/

20m 40 m

K _ 11
PL = XF * Pbeam



Templates for toy fit model

Example for one observable template: muons impact point in K — uv decays

» actual template for model is 2D distribution (E}*, Z;'tmp');

—10 error template

re-weighted distribution from a +10 error band
possible realization of a, 8,y values / +10 error template
/ hz_band /

- S - = —— 4o

- 2000(— Entries 10000 . -

- = Mean 26 1600| nominal . .
2500— == i B 1800 StdDev 8501 - ; ‘

N —— -' = 1400f—

- f — 1600[— -
20001 i l 1400 1200

C l 1200 1000—
1500— E— = u

C 1000F 800[—

- ) 800 »

1000{— ; - 600—
600[— C

N - 400—
500— 400E C

- 200[— 200f—

0_- Lo oo b o by bwn v a bya g by 1 0: | | | ' | | | 0 | | | | | | I
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Z[m]# Z[m] Z[m]

—— distribution obtained with nominal «, 8,y
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Templates for toy fit model

avsf

In principle (if needed) given an - T

observable we can build a template .. T

distribution for each HP parameter
taking into account correlations:

« perform uncorrelation of
parameters;

« sample the pdf of each
independent parameter to get
templates (apply procedure from
previous slide); -

b,




In this test:

Toy fit model performance

 one signal template for each E,, bin: fitting the number of tagged neutrinos;

* background template: tagged muons not corresponding to neutrinos;

Neutrino energy spectrum: 15% error (pre-fit)

henu_band
Entries 5
Mean 5874
Std Dev 1862

£

3000

2500
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500

1 1 1 | I IIIIIIII I 1 1 1 | I 1 1 1 | I 1 1 1 | I 1 1 1 | I 11 1 1 I 11 1 1 I 11 1 1
% 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
E, [GeV]

bin-1  bin-2 bin-3  bin-4  bin-5

Signal templates:

 HP induces a 15% variation in the normalization &
negligible change in shape;

« effect correlated (100%) between templates (v bins);

« 3 HP parameters folded into 1 nuisance in the fit model;

- 1200

|
1000

800

600

400

200

Fit to one toy-MC experiment

pseudo-experiment data

bin-5 Signal

bin-4 templates
| correspondin

bi|”'3 -~ gtothe

: different
g bin-2 £ (b' )
Z in—x
2 bin-1 v

4 . -

Background template

Background template:

simulated a 14% variation with some change in
shape;

assuming variation not due to HP: a second
nuisance parameter is introduced in the fit‘model



Toy fit model performance

A sample of N toy-MC experiments are produced to study:
« fit bias/stability;
« performance of the method: precision on the neutrino flux after fit;

mean from (fit-gen)/gen o, [%] from (fit-gen)/gen

_._ o, [%] from (fit-gen)/gen

mean
Grel [o/o]

0.8

0.6

fit bias :

post-fit error: ~1.8%

0.4

0.2

-0.2

~0.4

-0.6

o
III|III|III|III|III|III|III|III|III|III
([

o
o
o
[ J
IIII|IIII|IIII|IIII|IIII

-0.8

With this test performed using a toy hadro-production model:
« ~15% relative error on v-flux due to the toy hadro-production model;
« ~1.8% error on v-flux after performing the fit with model built from muon observable templates;



Conclusion and future steps

v Developed procedure for the assessment of v-flux systematics with lepton monitoring:

» signal + background model built from templates (RooFit implementation);

» multi universes method for the propagation of the hadro-production Done!
uncertainties to observables and v-flux;

> toy hadro-production model to test procedure and EML fit performance on K,,,,;

“* Next steps: real model for ENUBET

* build templates from GEANT4 simulation of facility; Work is
« NAS56/SPY hadro production data are being considered:
» data w/ primary proton beam @ 400 GeV, same as the ENUBET facility;

in progress

» explored phase-space close to the ENUBET one;

» model to constrain both v, and v, fllux;

“* Near future:
* impact of the beamline parameters will be assessed following the same procedure;

o some preliminary tests have already been performed studing dipole magnetic field error;
16



