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Overview

T I mm——
0 Expectations for DUNE and HyperK
0 Closer look at DUNE systematics studies
O Sensitivity calculations

O Analysis techniques

O Constraining individual sources of systematic uncertainty

0 Worldwide neutrino effort

“The opinions expressed in this talk Info on HyperK taken from recent
are not necessarily those of the DUNE presentations by M. Shiozawa
collaboration...” and M. Malek. Thank you!
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Neutrino Events at DUNE

v, Signal Spectrum by Interaction Type
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DUNE LOI:
. Exposure: 257 kt MW.yr =
Run Mode Signal Events Background Events
Scp 40 kt x 1.07 MW (80-GeV) x
-m/2 0 m2 | vy,NC v,CC v,Beam v.CC | (3v+3V) years
Neutrino 1068 864 649 72 83 182 55 | Note: depends on details of
Antineutrino 166 213 231 41 42 107 33 beam design!
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Neutrino Events at HyperK
I

Neutrino mode: Appearance
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£ 100 = production 30.4
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Reconstructed Energy E™ (GeV)
» Expected # of events for sin?20,;, =0.1, 6 =0and NH
(7.5 x 107 MW:-sec )
Signal Wrong sign g beam ve/Ve
(VIJ — Ve CC) appearance VH/vp CC contamination NC
Vv 3,016 28 [ 523 |72
Vv 2,110 396 9 618 265
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Neutrino Oscillation Parameters
_
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Effect of 0,; Uncertainty
N

DU N EL O| CP Violation Sensitivity Mass Hierarchy Sensitivity

: Normal Hierarchy Normal Hierarchy

9 25

F ELBNF 40 kt LAr — sin®9,, = 0.45 L ELBNF 40 kt LAr — sin®9,, = 0.45
80 GeV FNAL, 1.07 MW s sin’0,, = 0.38 L 80 GeV FNAL, 1.07MW s sin’0,, = 0.38
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Prospects for Improved Oscillation
Parameter Measurements

0 Daya Bay Daya Bay projected sensitivity:
measurement of 0,5 % -
. NE 18 .3% C.L.
projected to reach 20016 e oty 5840
~1.5% precision Boaut o
0.012F @ PRL 108 171803
(currently 2.5%) $ FOE
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of | Am232 | 0.004 - \
predicted to have T
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Systematic Uncertainty in HyperK

Uncertainty on the expected number of events at Hyper-K (%)
~Vvmode  anti-vmode | | (T2K 2014)
ve VU Ve vy ve i
....... FluxND | 30 28 56 42 | |31 27
XSECmodel| 1215 20 4 47 50
Far Det.+FSI| 07 10 |7 1.1 37 50
Total 33 33 62 4.5 68 7.6

0 Flux uncertainty similar to T2K

0 Cross-section modeling uncertainty from nuclear
difference reduced by water measurements in ND

0 FD uncertainty reduced by larger control samples
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Systematic Uncertainty in DUNE
I

O Goals for individual sources of

systematic uncertainty DUNE LOI:

determined based on previous Sourceof | MINOS | T2K | ELBNF Comments
. Uncertainty Ve Ve Ve
experience: compare to MINOS BoamFlx | 03% | 29% | 2% |MINOSis normalizatin only.
& T 2 K after N/F ELBNF normalization and shape
extrapolation highly correlated between vu/v o
. R R Neutrino interaction modeling
| D U N E Wi I I b e I | ke MI N O S IN some Simulation 2.7% 7.5% ~2% Hadron?zatic?n models are better
d I’ k T 2 K R h includes: constrained in the ELBNF LArTPC.
Hadronization N/F cancellation is larger in
ways dn IKe In other wa V&S MINOS/ELENF.
o o Cross sections Cross-section uncertainties are larger
O For each case, DUNE will do a bit aT2K energies. .
. . Nuclear models Spectral analysis in ELBNF provides
better than the experiment that it extra constraint.
Detector effects
iS most I i ke Energy scale 3.5% |included| (2%) Includedin ELBNF v sample
(vu) above uncertainty only in 3-flavor fit.
H M MINOS dominated by hadronic scale.
D EX p ec.l- SO m e S I g n I f I CG nt Energy scale 2.7% 3.4% 2%  Totally active LArTPC with calibration
H H _ H (v,) Includes and test beam data lowers uncertainty.
cancellation in 4-sample fit e reluds
H effects
O T h IS on I y an e d uca Te d g uess d 1- Fiducial volume | 2.4% 1% 1% |Larger detectors = smaller uncertainty.
— H Total 5.7% 88% | 3.6% |Uncorrelated v, uncertainty in
reasonable goals — detailed neomener v ncerany

DUNE-specific studies are

. ) Note: T2K uncertainties from 2013
required and in progress
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n DUNE Systematics

A closer look
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Treatment of Uncertainty in DUNE

Sensitivity Calculations
n_

0 DUNE long-baseline physics sensitivities are based on GLoBES
calculations

O Inputs from G4LBNE (beam simulation), GENIE (neutrino interactions),
Fast MC (energy smearing & efficiencies)

O Oscillation parameters from NuFIT
O Educated guess about expected level of systematic uncertainty

0 Effect of systematic uncertainty approximated using signal and
background normalization uncertainties

0 Signal normalization uncertainties are treated as uncorrelated
among the modes (v, Ve,VM,VM) and represent the residual
uncertainty expected after constraints from the near detector and
the four-sample fit are applied
O v, =v,= 5%
ov,=v,=2%

» Flux uncertainty after ND constraint

) Residual uncertainty after v, and v /v constraint

0 Individual background normalization uncertainties have appropriate
correlations (eg: NC and v, background normalization is correlated)
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Effect of Normalization Uncertainty
I

0 Actual experimental sensitivity

DUNE LOI: to systematic uncertainty will
8 | | | | depend on details of the
7 gg;"g'at'ggvseer;‘;g'v'ty neutrino beam and detector
5 P performance and will include
o both normalization and shape
— 5 uncertainty
‘éf 4 0 Example shown here
I 3 demonstrates:
2 O Statistically limited for early
1 S raooceoround. | stages of the experiment up to
uncertainty varied ~100 kt-MW-years
0 | | | | O Control of normalization
0 200 400 600 8001000 uncertainty at the few % level may
be needed for discovery of CP
Exposure (kt.MW.years) violation at the 50 level

O Much work to do, but some time in
which to do it!
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Analysis Tool: Fast MC

LI L I I L L L L L B L

0O Fast MC = Flux simulations + GENIE + 60

Systematic: CCM :’s

Illll{lll_

parameterized detector response CC M™ 416 (+20%)

. . ~ 50 [ | zgg-gg-ze —

O Detector r.esponse parameterization 2 — B'lf’g-cc-vvﬁ :
based on inputs from LArSoft o 40f m— kg CC-v, =
simula’rions, GEANT4, and ICARUS ‘u\l) - I Bkg-CC-Ve .

.. . » 30 BN Bkg-CC-v, -

0 Reconstructed quantities and selection £ ¢ N Bkg-CC-¥., .
. L] L] L] L Ll 0 __ - Bkg-cc-vr __
criteria based on realistic kinematics & F .

0 Reweighting technique will provide 10F =

ability to study sensitivity to
uncertainties in cross-sections,
hadronization model, FSI, beam line
optics, beam design choices, and
energy scale /resolution

O T T

Weight / Nom
i
4

100 § gy
0 GLoBES-based sensitivity calculations Reconstructed Energy [GeV]
using Fast MC inputs Example: v_ appearance spectrum
showing variation that is induced by

changing the value of M, "5 by
+1 O in the simulation
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Example: Constraining Cross Sections

with Far Detector
I

0 FastMC with no ND constraints M. Bass, D. Cherdack, R. Gran
. - 6 l —
O Vary cross-section parameters within 5[ - v N
o« g . QE RES i J Ve (3 yrs), No Systs. =
GENIE uncertainties, eg: M, and M o af . All GG MREL,EES -
0 Significant degradation in sensitivity for % 3 | [ A \] ve@yre) COMEME =
fit to only v_ appedrance sample for a f Z 3\ [/ Y Note: No oscillation
single cross-section systematic J L W | Y parameter systematics
uncertainty 4 05 0 05 1
0o Fit to all four FD samples significantly Bcp/m
constrains cross-section variations arXiv:1206.6745
leading to very little degradation in 5 BT A aRaRS AR ARSAS AR ARANS
e o o . g —— F, Non-Standard | 3
sensitivity for same cross-section < — FyNon-Zero | ]
uncertainty : Ly Non-tero
=]
g

0 Includes uncertainty in cross-section :
ratios: v/V (10%) and \/e/\/M (2.5%) ol

Form factors not
included in event =

O Theory input needed generators V
O Cross-section measurements needed 10¢ e
Energy(GeV)
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Constraints from Near Detector

0 MINOS-like strategy: Direct ND to FD extrapolation

o Selected NuMuCC- Reco energy to true
Far-to-near ratio in like data in reco energy conversion
reco energy bin k energy bin k in ND (need true energy to
from MC data oscillate)
f 'Clike P.
V,‘CC Z k *CCllkf data RTCC“M’ _J  Correct for
T E, s
f k = efficiency of
\ selected
Predicted NuMuCC Correct for difference :::::IEC -
events in true energy in cross sections

bin j at the FD \
OUff
. CC ] Vy—Ve
FreC =" FrCC ()P TR e

J J
— j %/ \
Predicted NueCC Oscillation True energy to  Nue
events in reco probability in nue reco selection
energy bin i true energy energy efficiency in
bin j conversion reco energy
L. Whitehead bin i
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Constraints from Near Detector

0 T2K-like strategy:

Simulations
+ External vie/h reaction data
Simulation
+ Beam monitors
+ Data on pion, Kaon yields

Simulation
+ calibration data
+t{estbeamdata _-

Neutrino
Flux Model

Detector
Model

Neutriﬁq
Cross-Section

7
-

FD data [ FD Predictions

l

'
Oscillation Physics!
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The dashed area ndicates sources of
uncertainty that are correlated between the ND
and the FD and are constrained by the ND
The remaining uncertaintes are marginalized.

.
.

ND Constraint on
fluxes an cross-sections

C. Andreopoulos
20 April 2015



Analysis Tool: VALOR

T2
0 Adapted from T2K for DUNE ND analysis:
O 9 x 2 near detector samples based on FastMC-ND
o Fit 2D (E
O 51 systematics parameters (flux, cross-section, efficiency)

ND Samples:

“I mC/ v, CC l-track QE-like -] FHC/ v, CC 2-track QE-like

rocor Yreco) distributions for most samples

10
®F FHC /v, CC Ix*

Events /bin

o B & 3 8

@ v, CCinclusive

v,,CC 1-track QE enhanced (FHC: g~ only)
v, CC 2-track QE enhanced (FHC: = + p)
v, CC 1% (FHC: p~ + 1n* + X)

v,CC 17% (FHC: p= + 17° + X)

v,CC 1+ + 17% (FHC: p= + 17* + 17° + X)
v, CC other

— in future, subdivide further

= B Lovelss ftan
§E 8 8"EE

4 6

6 8 0 12 8 10 12
Reco. E, (GeV) Reco. E, (GeV)

10
FHC/v, CC Ia" + Ia’ FHC /v, CC other

@ Wrong-sign v, CC inclusive (FHC: pt + X)
— in future, subdivide further

@ v.CC inclusive (FHC: e~ + X)
— in future, subdivide further

6 B 10 12 8 10 12
Reco. E, (GeV) Reco. E, (GeV)

FHC /v, CCincl

PEEERS
33833

2z 3
-]
33

@ NC inclusive
— in future, subdivide further (NCEL, NC 17*, NC 17°)

4000
2000
[

6 8 10 12 6 8§ W0 12 6 & 10 12
Reco. E, (GeV) Reco. E, (GeV) Visible Energy (GeV)
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8(-21InL.)

Constraining Flux Uncertainty

Constraining flux with ND in VALOR:

71 T T T T | T T T T ] T T T 1

0k

True f_fac_flux_oumu02=1.00

Sensitivity

S ¥ R —— Prfor consieant (150%) 77T 1

[ 90% CL.

2 —
L68%CL N

TR N S

0 L L
0.85 0.9 0.95 1 1.05 1.1

No surprise that ND provides
significant flux constraint!
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Constraining flux with specific ND samples:
FHC v, flux in 2.5-3 GeV 0 Preliminary study of flux determination

using

Fast MC simulation of FGT near

detector

O Absolute normalization based on fully
leptonic neutrino interactions (2-3%)

O Flux shape determination based on low v,
method (1-2%)

X. Tian
2350"""I"'["'I"'I"‘l"' True
5 300 V-e Scattering Calculated using true
2 50 E Calculated using reco.

200
150
100

50

0..

T IIIIIlIII]YITIIIII1]ITIIIII1II

llllllllllllllllllll

+

PR PRI BTSN S S (TS ST TS U ST TR U NSNS S
2 4 6 8 10 12 14 16 18 20
ES,BIC(Gev)
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Cross-section and nuclear models:

— Bezond current uncertainties

0O Basic strategy is to compare observables among alternative cross-
section and nuclear-interaction models in GENIE

O Long- and short-range correlations among nucleons =
O Effect of random phase approximations )
O Meson exchange currents In various
o 2p-2h effects in CCQE stages of
O Effective spectral functions | implemen’ra’rion
O Coherent pion production .
s plen b , , in GENIE.
O Alternative model of DIS interactions

O Variation of tunable parameters within existing models  —

0 Comparison with data (ArgoNeuT,MINERvVA, NOvA-ND, T2K-ND280,
uBooNE, SBN-ND, ICARUS, ...)

0 Comparison with alternative generators (NuWro, GiBUU)

O Requires support for and close collaboration among model
builders, developers of event generators, cross-section
experiments, and long-baseline experiments.
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Far Detector Systematics
I

0 Detector performance inputs to Fast MC

—_—

O Lepton resolutions
Hadron resolutions Based on:

Energy scale *  GENIE kinematics
= ¢ |CARUS resulis

. * LArSoft hand scans
e-Y separation *  uBooNE LArSoft studies

O Background rejection

Signal efficiency

0 Implementation of energy resolution and scale variations in DUNE
sensitivity calculations in progress

O Will set requirements for detector performance

0 Data-MC comparisons are critical

O 35t prototype and uBooNE data coming soon
o LArlAT, CAPTAIN, SBN-ND, CERN neutrino platform prototypes...
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Far Detector Systematics
I

0 Detector performance inputs to Fast MC

—_—

O Lepton resolutions
O Hadron resolutions Based on:
O Energy scale * GENIE kinematics
. . = * [CARUS results
A Signal efflc[ency * LArSoft hand scans
O e-y separation *  uBooNE LArSoft studies
O Background rejection

0 Implementation of energy resolution and scale variations in DUNE
sensitivity calculations in progress

O Will set requirements for detector performance

0 Data-MC comparisons are critical

O 35t prototype and uBooNE data coming soon
o LArlAT, CAPTAIN, SBN-ND, CERN neutrino platform prototypes...
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“ Worldwide Effort

Some highlights
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GENIE Upgrades

GENIE Release Roadmap: 2.12 =4
>
* GENIE 2.12.0 - likely this Summer/Fall
- QEL Lambda production (J. Poage and H. Gallagher)

- Berger-Sehgal coherent pion production (PRD 79, 053003 (2009)) (G. Perdue, H.
Gallagher, D. Cherdack)

- Local Fermi Gas & Nieves et al CCQE with RPA (J. Johnston and S. Dytman)
- Valencia Model Meson Exchange-Currents (J. Schwer and R. Gran)

- Alvarez-Ruso et al microscopic coherent pion production (PRC 75, 055501 (2007) and
PRC 76, 068501 (2007)) (S. Dennis and S. Boyd)

- Oset FSI model (T. Golan)
- Kaon FSI (F. de Maria Blaszczyk, S. Dytman)
- Z expansion of QEL form factor (Hill et al, PRD 84, 073006) (A. Meyer)
- Benhar Spectral Functions (C. Mariani, M. Jen, and A. Furmanski)
* Ambitious to get it all... (and | may have forgotten something)
* GENIE 3.0 - likely early 2016

- New default physics tune incorporating all of these models and recent neutrino-
nucleus cross section data, plus many tuning and data comparison tools.

£% Fermilab

1 Gabriel Perdue | DUNE Collaboration Meeting April 18, 2015
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NA61 /SHINE

0 Hadron production measurements on a variety of materials
and neutrino production targets, including T2K replica target

O Similar efforts planned for FNAL target designs

K. Abe, et. al, PRD87 (2013) 012001:

E replica targed, pion multiplicity error
3 thin target:
i 1 08 ,
04 0.4 400 total error
o CINASH Coverage ol Cna6t Coversge {00 " B sion mutipiicy error
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FIG. 15 (color online). The phase space of pions and kaons contributing to the predicted neutrino flux at SK, and the regions covered E, (GeV)

by NA61/SHINE measurements. v

FIG. 39 (color online). Reweighted », flux at the far detector
based on the NAG61/SHINE thin target and replica target
measurements.
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Intermediate Neutrino Program

sy
0 See talks from: C. Rubbia, P. Wilson, S. Kettell

Large neutrino event samples:
e ~1.2M CC interactions per year
(~7000 v,) in SBN-ND
* Large samples in uBooNE and
ICARUS
v-Ar cross-section medasurements
Development of simulation/analysis
techniques:
* High statistics validation of
? I i simulation
ICARUS - 760¢ LAr 180c e * Fully automated reconstruction
* Refined analysis techniques

including opportunity to test near-
far cross-calibration and
extrapolation
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Interaction Measurements

0 Ciritical for making - arXiv:1501.05214
X 120+ MINERVA Preliminary
prog I'eSS On CI’OSS- (&) " Absolutely normalized (3.34x 10 P.O.T)
section and % 100f B Siriation
L m
nuclear modeling o
uncertainties E
o
O Many current and < 2
planned & Ty
experiments: Z 3
O ArgoNeuT 2 O 62040608 1 12141618 2
O MINERVA . Qe (GeV?)
x1 MINERvA Preliminary ¢ v Tracker —» CCQE
o NOvA-ND § 0.12 e (@) Ve
o T2K-ND280 : o =T
O uBooNE ‘§ o8
& o006
O SBN-ND £
& 004
o ICARUS & 002 l_*—l
E L L L L L L L 1
O Jlab e-Ar VI I R R N R
scattering Q7 (GeV?)
(b) vu (measurement from ref. [12])
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nuPRISM
T

M. Wilking:

Reminder: NUPRISM Detector Concept [BEBREGIEESRCIEECICICINT,
B - method to reduce

ﬂ modeling uncertainty in
reconstructed neutrino
kinematics

0 Use linear combinations
A. of measured kinematics
Muon p&d N from different off-axis

E—— angles to simulate a
desired spectrum (eg:
mono-energetic beam or
oscillated FD spectrum)

0 MC studies show
significant reduction in
bias of reconstructed
quantities

combinations!
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Sociology

. Behall

0 The neutrino community consists of a large number of
collaborations
O Many have common hardware /software
O Many shared sources of systematic uncertainty

0 How to facilitate effective communication?

O Timely propagation of information suggests that in many cases
this may need to occur outside of the formal publication process

O Process for releasing information to another collaboration
needs to be simple and clear-cut
O Interests of individual collaborations must also be respected

0 Leadership needed to establish procedures for and a
culture of effective communication. This physics is hard -
let’s help each other as much as we can.
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Summary
I

0 DUNE and HyperK need and expect to collect large event samples —
will ultimately require control of systematic uncertainty at the level
of a few percent.

0 Effort underway to address systematic uncertainties from flux, cross-
section and nuclear models, and detector effects requires worldwide
cooperation:

O Experience gained from past and present experiments

O Experiment-specific evaluation of expected systematics and associated
detector performance requirements

Oscillation parameter measurements

Hadron production and cross-section measurements
Neutrino interaction models and event generators
Detector simulation and reconstruction techniques
Test-beam data

Support for new ideas

ETW: Impact of Systematics on Long-Baseline Experiments 20 April 2015



