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PRISM In a Slide
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Neutrino beam
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PRISM In a Slide

Neutrino beam

2) Mobile Near Detector samples different
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PRISM In a Slide

Neutrino beam

2) Mobile Near Detector samples different
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PRISM In a Slide

Neutrino beam

2) Mobile Near Detector samples different
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§ On axis regions of neutrino energy by moving off axis.
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Measuring Neutrino Oscillations
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Measuring Neutrino Oscillations

|

Number of near J . Cross N Detector

detector events section effects
Number of far — . Oscillation . Cross . Detector

detector events probability section effects
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Measuring Neutrino Oscillations

|

e Why can we not just look at near/far ratio?
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Measuring Neutrino Oscillations

—

e Why can we not just look at near/far ratio?
o Because it isn't quite that simple...
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Measuring Neutrino Oscillations

10

e Why can we not just look at near/far ratio?

o Because it isn't quite that simple...
o Convolution of detector effects with flux - cross section
o Cannot directly compare near and far observables to extract oscillations
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Oscillations at the Far Detector
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Discrete Fourier Transforms
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e Approximate function as a linear sum of
sines and cosines
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Amplitude (A.U.)

Discrete Fourier Transforms
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Approximate function as a linear sum of
sines and cosines
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Discrete Fourier Transforms
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e Approximate function as a linear sum of
sines and cosines
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Discrete Fourier Transforms
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e Approximate function as a linear sum of
sines and cosines
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Discrete Fourier Transforms

e Approximate function as a linear sum of
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Off Axis at the Near Detector

e Using a mobile Near Detector

o Sample different neutrino energy spectra
at different positions
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Off Axis at the Near Detector

e Using a mobile Near Detector
o Sample different neutrino energy spectra
at different positions
o Build up 2D measurement
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Off Axis at the Near Detector

Using a mobile Near Detector

Sample different neutrino energy spectra
at different positions
Build up 2D measurement
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Off Axis at the Near Detector

e Using a mobile Near Detector
o Sample different neutrino energy spectra
at different positions
o Build up 2D measurement
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Off Axis at the Near Detector

Off axis position (m)

Using a mobile Near Detector
Sample different neutrino energy spectra
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at different positions
Build up 2D measurement
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Off Axis at the Near Detector

Maximum off axis position sample at ~33m:
e Flux peaks at ~500 MeV
e Resolve second oscillation maximum
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Building an Oscillated Flux
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Want to measure oscillated flux at the near detector
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Building an Oscillated Flux
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Want to measure oscillated flux at the near detector

O

10-1%

Try to decompose into a linear sum of off-axis near detector fluxes (c.f. Discrete FT)
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Building an Oscillated Flux
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Want to measure oscillated flux at the near detector

Try to decompose into a linear sum of off-axis near detector fluxes (c.f. Discrete FT)
Solve for weights at each off axis position
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Building an Oscillated Flux
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® [cm~2 per POT per GeV]

o

Want to measure oscillated flux at the near detector

x10~18

o Trytodecompose into a linear sum of off-axis near detector fluxes (c.f. Discrete FT)
o Solve for weights at each off axis position
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Building Other Fluxes
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e Can construct oscillated fluxes over the allowed parameter space
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Building Other Fluxes
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Can construct oscillated fluxes over the allowed parameter space
o Each set of oscillation parameters requires a different set of weights
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Building Other Fluxes

Weights do not have intrinsic physical allowed pa rameter Space
meaning... lifferent set of weights
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Building Other Fluxes

Weights do not have intrinsic physical gllowed Parameter space
meaning... but: lifferent set of weights

® Some solutions have better statistical —15 Vu Disappearance

properties than others

® Some solutions may exhibit better cancellation
of systematic uncertainties than others
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Building Other Fluxes

Weights do not have intrinsic physical
meaning... but:

® Some solutions have better statistical
properties than others

® Some solutions may exhibit better cancellation
of systematic uncertainties than others

allowed parameter space
lifferent set of weights
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Regularize to pick solutions with
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How does that help?

[
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How does that help?
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How does that help?

(I)near (Eyaxoff axis) X G= (I)far (EV) Posc (El/>
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How does that help?

(I)near (Eyaxoff axis) X G= (I)far (EV) Posc (EI/>
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Off axis position (m)
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Building a Far Detector prediction

—

e Linear sum only depends on off axis position and flux prediction.

o The same weights can be applied to sampled interactions
o Inany observable quantity
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Off axis position (m)
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Building a Far Detector prediction

—

e Linear sum only depends on off axis position and flux prediction.

o The same weights can be applied to sampled interactions
o Inany observable quantity
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Building a Far Detector prediction
e Linear sum only depends on off axis position and flux prediction.

o The same weights can be applied to sampled interactions
o Inany observable quantity

Off axis position (m)
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Building a Far Detector prediction

| |

e Linear sum only depends on off axis position and flux prediction.
o The same weights can be applied to sampled interactions
o Inany observable quantity

e The Power of PRISM:

o Predicted the far detector observable signal event rate for some oscillation hypothesis
o Have not yet invoked a neutrino interaction model!
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The Full PRISM prediction

e Do still have to correct for:
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The Full PRISM prediction
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The Full PRISM prediction

,
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e Do still have to correct for:

2 /GeV /Year

x10~15
" ——— Far detector x P(v, = v,)
= A 293 kA Off axis + 280 kA On axis
||\
8 i3
a3 ff
S
AR
821 |
a ||
Tl
ERNN,
o ||
1

2 — ——e—— Far detector 'data’
i Y/
B PRISM Prediction + stat. err.
B /4
B - Near detector 'data’-driven
1 __ Far detector Flux correction
: Far detector NC+WSB correction
ERec. proxy (GeV)

PRISM



L. Pickering 44

The Full PRISM prediction

e Do still have to correct for:
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The Full PRISM prediction

e Do still have to correct for:

o Imperfect flux matching
o Backgrounds in the near and far
selection

e Majority of oscillated far
prediction is rearranged near

detector signal data.
o PRISM transfers near detector
'constraint' even if neutrino
interactions are mis-modelled.

Event rate 10° /GeV /Year
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The Full PRISM prediction

L. Pickering 46

Do still have to correct for:

o Imperfect flux matching
o Backgrounds in the near and far
selection

Majority of oscillated far
prediction is rearranged near

detector signhal data.

o PRISM transfers near detector
'constraint' even if neutrino
interactions are mis-modelled.

In a traditional analysis, the
whole spectrum would be a
predicted by an
ND-constrained model.
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Putting PRISM Into Practice
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A 'mock' data Study

e \What if the interaction model is wrong but it
was missed?
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A 'mock' data Study

L. Pickering 49

e \What if the interaction model is wrong but it
was missed?
e Can imagine a world where the model can be
fit to near detector data, but E' =FE" _is
wrong.
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A 'mock' data Study

x10°

Selected ND (5.2e+04 events)
| = Sel. 20% Missing Proton Energy

e \What if the interaction model is wrong but it
was missed?
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e Case Study:
o Move 20% of proton KE to neutrons but fit model to
on-axis ND data.
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A 'mock' data Study

What if the interaction model is wrong but it
was missed?

Can imagine a world where the model can be
fit to near detector data, but E' =FE" _is
wrong.

Case Study:
o Move 20% of proton KE to neutrons but fit model to
on-axis ND data.
o Not able to simultaneously describe on an off axis
data with incorrect model

Event rate / (1.1x10?"2) POT

o
N
T T T

o
4I\|J||
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A 'mock' data Study

\\ur

What if the interaction model is wrong but it
was missed?

Can imagine a world where the model can be
fit to near detector data, but E' =FE" _is
wrong.

Case Study:
o Move 20% of proton KE to neutrons but fit model to
on-axis ND data.
o Not able to simultaneously describe on an off axis data
with incorrect model
o But not obvious how to incorporate this in a traditional
analysis...

MICHIGAN STATE
UNIVERSITY
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x10°

Event rate / (1.1x10?"2) POT

| = Sel. 20% Missing Proton Energy

o
N
T T T

o
1I\|J||

Selected ND (5.2e+04 events)

e
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% 2 4 56' 6
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Mock Data Spectrum

e |f we had trusted the on axis

© 1.5
. O
near detector fit; = 0
> ——e—— Far detector 'data’
o B, .2E',,would be wrong & I .
o For the correction oscillation KT N
hypothesis the tuned model would £ - P
not predict the observed data E B : .., --------- Far detector MC Prediction
) i ot :
™
: ,-o-: -.-L"::: ey ATttt e
0 1 1 | | 1 | 1 1 | 1 1

o
N
SN
(o}
(00}

ERec. proxy (GEV)
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P
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Mock Data Spectrum
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e |f we had trusted the on axis
near detector fit:

O

O

EY. =FE

T would be wrong
rue S

Ob

For the correction oscillation
hypothesis the tuned model would
not predict the observed data

Would extract biased oscillation
parameter values

ﬁ MICHIGAN STATE
U

N

in2
sin“0,,

[T
2 54— DUNE Sensitivity B 7 years (staged)
E All Systematics :2 y:::: ::::ge::
2.52 [ Normal Ordering ... No:ﬂnal Fit *
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B *  "True" Value
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Mock Data Spectrum
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e |f we had trusted the on axis

near detector fit:

v v
o B, .2E',,would be wrong

o For the correction oscillation
hypothesis the tuned model would
not predict the observed data

o  Would extract biased oscillation
parameter values
m  We wouldn't know we were
wrong
m More data wouldn't help

r‘ MICHIGAN STATE
UNIVERSITY

2.36

[
[ DUNE Sensitivity B 7 years (staged)
- All Systematics 10 yeurs (singed)
. ) 15 years (staged)
[ Normal Ordering Nominal Fit
- sin®20,, = 0.088 unconstrained On-axis Only Example:
L 90% C.L. (2 d.o.f.) Shifted visible energy
B *  "True" Value
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Mock Data Spectrum
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e |f we had trusted the on axis

near detector fit:

v v
o B, .2E',,would be wrong

o For the correction oscillation
hypothesis the tuned model would
not predict the observed data

o  Would extract biased oscillation
parameter values
m  We wouldn't know we were
wrong
m More data wouldn't help

e What if we ask PRISM?

r‘ MICHIGAN STATE
UNIVERSITY

2.36

[
[ DUNE Sensitivity B 7 years (staged)
- All Systematics 10 yeurs (singed)
. ) 15 years (staged)
[ Normal Ordering Nominal Fit
- sin®20,, = 0.088 unconstrained On-axis Only Example:
L 90% C.L. (2 d.o.f.) Shifted visible energy
B *  "True" Value
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Let PRISM Have a Go

VVUnas)
\ " 237

——e—— Far detector 'data’

e PRISM Predicts far detector
observation well even with
incorrect interaction model!

--------- Far detector MC Prediction

PRISM Prediction + stat. err.
7

- Near detector 'data’-driven

Far detector Flux correction

Event rate 10° /GeV /Year
H
|

I

Far detector NC+WSB correction

(GeV)

Rec proxy
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Let PRISM Have a Go

VVUnas)
\ " 237

——e—— Far detector 'data’

e PRISM Predicts far detector
observation well even with

Incorrect interaction model!
o The direct extrapolation of near
detector data largely side-steps
the modelling problem.

--------- Far detector MC Prediction

PRISM Prediction + stat. err.
7

- Near detector 'data’-driven

Far detector Flux correction

‘ Far detector NC+WSB correction

Event rate 10° /GeV /Year
H
|

(GeV)

Rec proxy

(‘ MICHIGAN STATE ﬁ
&UNIVERSITY
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DUNE-PRISM Analysis Summary

e DUNE-PRISM is the critical analysis
innovation that will enable DUNE to
meet its oscillation physics goals.

e A moveable near detector is now part of
the DUNE design

e The DUNE-PRISM oscillation analysis will § 1sf -
produce minimally biased results even S L L. T
. == B y% PRISM Prediction + stat. err.
without precise neutrino Interaction RN ” o
m O d e | S . g : Far detector Flux correction
LG>UJ 0.5 _— 24 Far detector NC+WSB correction
— yy.A---:

r‘ MICHIGAN STATE 0 e L
UNIVERSITY E (GeV)

Rec. proxy



Wait... There's More!
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Measuring Cross Sections

—- —
° Expect to take |arge GENIE 2.12.10, DUNE FD TDR CV Tune
. . —— CC Inclusive CC 1p1h+2p2h
Interaction samples at all — CCRest — ccois
off axis positions. s 5 3om On axis 1 B
g [ | e £ -
2 | 1 3
> F 1. 8
& I 19 %
) 1 8
E I . ~
& - —12 ®
s 05 ] 2
— - _: 1 \L':Ii
W ] i %e;
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Measuring Cross Sections

—] =
o Expect to ta ke |arge GENIE 2.12.10, DUNE FD TDR CV Tune
. . — CC Inclusive CC 1p1h+2p2h
Interaction samples at all — CCRest — ccois
- s T 15F : T £
off axis positions. § " 30m On axis 1 5
o L l15 m - o
(&) — 4 <
=] L
pd ] >
< = 7 (0]
> Ar 1, 8
O] L ] 3 (4]
O} I i £
o I 1 £
<E-> - -2 ®
. 0.5 i 2
Liquid Gas $o L ] ~
All int. Selected All int. -~ - - 1 5
Stop Run duration | Ny, CC NSel | WSB | NC | Ny,CC U.|> - g =
Onaxis (293 kA) | 2L wks. | 21.9M | 102M | 0.2% | 1.3% | 500,000 | = - | ] =)
On axis (280 kA) 1 wk. IM | 470,000 | 0.3% | 1.4% | 27,000 | Wy 00 1 5 3 40
4 m off axis 18 dys. 23M | 12M |0.3% | 1.0% | 61,000 ©
8 m off axis 18 dys. 1.3M | 670,000 | 0.5% | 0.9% | 35,000 E, (GeV)
12 m off axis 18 dys. | 660,000 | 340,000 | 0.8% | 0.7% | 18,000
16 m off axis 18 dys. | 380,000 | 190,000 | 1.1% | 0.7% | 10,000
20 m off axis 18 dys. | 230,000 | 120,000 | 1.3% | 0.7% | 6,300
24 m off axis 18 dys. 160,000 | 76,000 | 1.8% | 0.7% | 4,200 5 1<\
28 m off axis 18 dys. | 110,000 | 50,000 | 2.1% | 0.8% | 2,900 Mh—iz N
32 m off axis 18dys. | 61,000 | 28,000 | 2.4% | 0.7% | 1,600 P
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Measuring Cross Sections

—] =
o Expect to ta ke |arge GENIE 2.12.10, DUNE FD TDR CV Tune
. . — CC Inclusive CC 1p1h+2p2h
Interaction samples at all — CCRest — ccois
- s T 15F : S
off axis positions. § [ 30m On axis 1 5
kS |15 m J 19
(&) — 4 <
=] -
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< I 7 (0]
> Ar 1, 8
(O] . ] 3 o
O} I ] £
o I 1 £
<E-> - -2 ®
. 0.5 i 2
Liquid Gas $o L ] ~
All int. Selected All int. -~ - - 1 5
Stop Run duration | Ny, CC NSel | WSB | NC | Ny,CC U.|> - g =
Onaxis (293 kA) | 2L wks. | 21.9M | 102M | 0.2% | 1.3% | 500,000 | = - | ] =)
On axis (280 kA) 1 wk. IM | 470,000 | 0.3% | 1.4% | 27,000 | Wy 00 1 5 3 40
4 m off axis 18 dys. 23M | 12M |0.3% | 1.0% | 61,000 ©
8 m off axis 18 dys. 1.3M | 670,000 | 0.5% | 0.9% | 35,000 E, (GeV)
12 m off axis 18 dys. | 660,000 | 340.000 | 0.8% | 0.7% | 18,000
16 m off axis 18 dys. | 380,000 | 190,000 | 1.1% | 0.7% | 10,000
20 m off axis 18 dys. | 230,000 | 120,000 | 1.3% | 0.7% | 6,300
24 m off axis 18 dys. 160,000 | 76,000 | 1.8% | 0.7% | 4,200 5 1<\
28 m off axis 18 dys. | 110,000 | 50,000 | 2.1% | 0.8% | 2,900 h—is N
32 m off axis 18dys. | 61,000 | 28,000 | 2.4% | 0.7% | 1,600 P




Measuring Cross Sections
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-

e Expectto take large
Interaction samples at all

off axis positions.
o Wealth of data in different
energy ranges to begin to

pick apart degeneracies in
cross-section model

Liquid Gas
All int. Selected All int.
Stop Run duration | Ny, CC NSel | WSB | NC | Ny,CC
On axis (293 kA) 21 wks. 21.9M | 10.2M | 0.2% | 1.3% | 590,000
On axis (280 kA) 1 wk. 1M 470,000 | 0.3% | 1.4% | 27,000
4 m off axis 18 dys. 2.3M 1.2M | 0.3% | 1.0% | 61,000
8 m off axis 18 dys. 1.3M | 670,000 | 0.5% | 0.9% | 35,000
12 m off axis 18 dys. 660,000 | 340,000 | 0.8% | 0.7% | 18,000
16 m off axis 18 dys. 380,000 | 190,000 | 1.1% | 0.7% | 10,000
20 m off axis 18 dys. 230,000 | 120,000 | 1.3% | 0.7% | 6,300
24 m off axis 18 dys. 160,000 | 76,000 | 1.8% | 0.7% | 4,200
28 m off axis 18 dys. 110,000 | 50,000 | 2.1% | 0.8% | 2,900
32 m off axis 18 dys. 61,000 | 28,000 | 2.4% | 0.7% | 1,600

o(E )/E, 10°% (cm? /GeV /Nucleon)

1.5

GENIE 2.12.10, DUNE FD TDR CV Tune

— CC Inclusive CC 1p1h+2p2h
—— CCRes n —— CCDIS
30 m On axis 1 B
15 m . o
} 1, &
i 7 >
i ()
L ] O]
- ] 3 N
L ] =
1 S
I 12 =
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Narrow-band fluxes

e Play the linear algebra game to build

narrow-band fluxes.

MICHIGAN STATE
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%1078
44 Fluxes up to 33.0m
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Narrow-band fluxes

e Play the linear algebra game to build
narrow-band fluxes.

O

E. Smith, NOVA, NUFACT2019

True Energy (GeV)

0 2 3 4 5

1
ND Reco Energy (GeV)

L. Pickering 66

x10~8

44 Fluxes up to 33.0m

00 05 10 15 20 25 30 35 40
E, (GeV)


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf

Narrow-band fluxes

e Play the linear algebra game to build
narrow-band fluxes.

O

E. Smith, NOVA, NUFACT2019

2 —

True Energy (GeV)
|
mlu.l.l.u_'rl._'.l._'.l_l.l._'.l.l.l.l.l.l.L

B

0

2 3 4

1
ND Reco Energy (GeV)
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x10~8

44 Fluxes up to 33.0m

00 05 10 15 20 25 30 35 40
F(GeV)


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf

Fits to Appeared Nue
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e So far focussed on disappearance
Spectru m.
o Also need to incorporate appeared electron
neutrinos.
™ \ICHIGAN STATE B VE
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Fits to Appeared Nue P—

0 N i
TR =, y
-
e So far focussed on disappearance 0.0 i —— DonBe K
spectrum. £ : _____ - -—-_'“"1:2—112018
&) I A N
o Also need to incorporate appeared electron © e |
neutrinos. el i
|
e Can build the appeared nue spectrum Y Ty = T
from near detector numus. o
%1016 v, Appearance
o Here have to correct for numu/nue cross
section ratio =l
o More model-dependent than disappearance i3_
=5
measurement. &
5 2]
4]
LS
’P“\“r MICHIGAN STATE %5 10 15 20 25 30 35 40
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Fits to Appeared Nue

e So far focussed on disappearance 0.0
spectrum. <
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Oscillation Parameters

NuFit 4.1
---- T2K 2018

o Also ne
neutrin

e Can build

from nea But”.

o Hereh
section
o Moren|
measu

N
\
[}
\
3 ¥
\
X

~.e
~~ee

—“’

—-— Daya Bay 2016
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Fits to Near Detectir Nues
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e Can also build near detector nue
spectrum with near detector
NnumMus to constrain the

o 3 —-10
cross-section ratio. g 52
o  Will be nue-statistics limited -
o Studies on-going % 2.0
-~
10-2 Coeflicients &
~ 1.5
1 @)
o
21 g
o, 10“
S 01 c?
g
= (.5
_2- e
_4-

v-mode, Sept2017 Engineered
Near v, Flux 16.5 - 33 m

Fitted ND v,

1,,2
»
(e
)
)
e}

10 20 30 279.95 280.00 280.05
Do [m] Horn Current [kA]




Fits to Near Detectir Nues

-
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Can also build near detector nue
Spectrurr w/ith naar AoatearcrtAr

NUMUS tc

Cross-secC
o  Will be

ered

o studie Can do something similar with the wrong-sign [33x

background in anti-neutrino mode!

< 10-2 Coef]
| UI T ’ ] = |

Mifle o JJ = |

=.0.51.

1 M l & i

N S I A O 0.0 ' e
0 10 20 30 279.95 280.00 280.05 3

Do [m] Horn Current [kA]
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Other Ideas For Off-axis Beams

DUNE-PRISM sensitivity to light dark matter Measuring the Weak Mixing Angle in the DUNE Near-Detector

Complex
Valentina De Romeri, Kevin J. Kelly, and Pedro A. N. Machado André de Gouvéa, Pedro A.N. Machado, Yuber F. Perez-Gonzalez, and Zahra Tabrizi
Phys. Rev. D 100, 095010 — Published 8 November 2019 Phys. Rev. Lett. 125, 051803 — Published 29 July 2020

DUNE ND - v mode

L e B e e e LN S e B B

1{r§c%3,l&1r DM ¢, ap =0.1, M4 = 3My ap = 0.1, My =20 MeV
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102 10t 11072 10! 1

MA/ [GeV] MAr [GeV]

=== DUNE On-axis

400

300

FIG. 5. Expected DUNE On-axis (dashed) and PRISM (solid) sensitivity at 90% C.L. using ¢e~ — ¢e~ scattering. We
assume ap = 0.1 in both panels, and Ma, = 3My (M, = 20 MeV) in the left (right) panel. Existing constraints are shown
in grey, and the relic density target is shown in a black dot-dashed line. We compare our results against the proposed
LDMZX experiment in blue [89].

Events/bin/(75 ton)/(0.5 year)

200

100

v b b by 1

=
@)
s
)
>
Z
%
>
(myl
%

g

UNIVERSITY E62 [MeV rad?)




L. Pickering 74

Other Ideas For Off-axis Beams

| |
e . Measuring the Weak Mixing Angle in the DUNE Near-Detector
DUNE-PRISM sensitivity to light dark matter — &51 516, 9 AN
Valentina De Romeri, Kevin J. Kelly, and Pedro A. N. Machado André de Gouvéa, Pedro A.N. Machado, Yuber F. Perez-Gonzalez, and Zahra Tabrizi
Phys. Rev.
. Your Idea goes here!
107
107 E
1077 _:
N ]
16-8 .
1077 _:
]
1071 ]
102
FIG. 5. Expected DUNE On-axis (dashed) and PR Sensitivity at 90% C.L. Using ge. — ge. scatterng. we > 1
assume ap = 0.1 in both panels, and Ma, = 3My (M, = 20 MeV) in the left (right) panel. Existing constraints are shown A ]
in grey, and the relic density target is shown in a black dot-dashed line. We compare our results against the proposed E
LDMZX experiment in blue [89].
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vPRISM

e DUNE-PRISM born out of earlier work to build 40
a mobile Water Cherenkov detector in the
J-PARC beam for Hyper-K.

e J-PARC PAC Proposal

= =
o -~ Oscillated SK fi % C Oscillated SK events
- - 4 +
& 80000 B S scillate . @ AF I Veasured NUPRISM events
[ — N |
28 g . 35 - NuPRISM acceptance correction
a i . —— NuPRISM flux fit E ; : ,
L : - I Fitted flux difference correction
- - 3 o
'8_ 60000 — : Si n 2 e - 0 4 - Non-CCOn background
¢ - . 23 25—
2 -3 i
g [ Am? =2.41e |
& 40000 =
15—
20000 E
0.5F

S(VE.

A

arXiv:1412.3086 [physics.ins-det]

P | L o 15 2 25 3 AN
0 0.2 04 0.6 0.8 1 12 1.4 Reconstructed neutrino energy (GeV) M
E, (GeV)



https://j-parc.jp/researcher/Hadron/en/pac_1507/pdf/P61_2015-5.pdf
https://arxiv.org/abs/1412.3086

L. Pickering

Thanks for listening

PRISM
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The Deep Underground Neutrino Experiment

| (===

e Neutrino beam

Sanford
Underground
Research
Facility

Fermilab

AL -o
L - ==
=
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Producing a Beam of Neutrinos

—] =

Proton beam

_

e Proton beam strikes a fixed target producing secondary hadrons:
mostly pions and kaons
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Producing a Beam of Neutrinos

—] [

Proton beam

_

e Proton beam strikes a fixed target producing secondary hadrons:
mostly pions and kaons

e These are sign-selected and focussed by one or more magnetic
horns.
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Producing a Beam of Neutrinos

—y

Proton beam

-

e Proton beam strikes a fixed target producing secondary hadrons:
mostly pions and kaons

e These are sign-selected and focussed by one or more magnetic
horns.

e Thissecondary beam of particles decays to produce neutrinos.
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Producing a Beam of Neutrinos

—y

Proton beam

-

Neutrino mode, focussing positive particles

e Proton beam strikes a fixed target producing secondary hadrons:
mostly pions and kaons

e These are sign-selected and focussed by one or more magnetic
horns.

e Thissecondary beam of particles decays to produce neutrinos.

e The horn current can be inverted to produce mostly anti-neutrinos
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Producing a Beam of Neutrinos

—y

v
Proton beam —

-

Anti-neutrino mode, focussing negative particles

e Proton beam strikes a fixed target producing secondary hadrons:
mostly pions and kaons

e These are sign-selected and focussed by one or more magnetic
horns.

e Thissecondary beam of particles decays to produce neutrinos.

e The horn current can be inverted to produce mostly anti-neutrinos



Off Axis Fluxes
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Off Axis Fluxes
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Off Axis Fluxes

E, (GeV)

[
A%
T T ] LIy T T — 1T & LI T >
B : K. Duffy Thesis' L
[ —— 0=05 5
— 0=10 ]
F —— 08=15 |
- :
: | PR R | | | : B/ ?\\
0 2 4 6 8 10 12 = ((\\}
E, (GeV) P


https://link.springer.com/book/10.1007%2F978-3-319-65040-1

Off Axis Fluxes

E, (GeV)
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Boosted 91 decay kinematics result in lower energy neutrinos off beam

axis.

v

/

L R Duffy Thesis ']
—|—— 6=00 =
F —— 0=05 7
— 0=10 —
b i 15 e
— 0=20 R .
I 0=25 il .
- s e
: jﬂquu | L | L ! M| I”IH:M;“‘M; >>>>> | :
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https://link.springer.com/book/10.1007%2F978-3-319-65040-1

Off Axis Fluxes

E, (GeV)
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Boosted 91 decay kinematics result in lower energy neutrinos off beam
axis.

(@)

Exploited by T2K and NOVA to achieve narrow-band beam for maximal oscillation signal

at first oscillation maximum
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.012001
https://link.springer.com/book/10.1007%2F978-3-319-65040-1
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LBNF: The DUNE Neutrino Beam

e By contrast, DUNE will use an on axis, wide band beam:
o Access to physics at higher order oscillation maxima where
non-standard oscillations expected to be stronger.

L Second maximum

\[IIlIII

0.4 o
First maximum sin“20,, = 1.0
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03 —
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Flux Uncertainties
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Flux Systematics

-

e For each step of an oscillation analysis:
o flux systematic parameters may move

o flux predictions change
o must re-determine PRISM coefficients.

Example rate
variation from
flux parameter

o

0.1

Off axis position (m)
N
o
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Flux Systematics

% 44 — Dy, =y,
—- % g Off-axis Only
. . . ~ 7 280 kA
e For each step of an oscillation analysis: S ol
o flux systematic parameters may move £ 1JN —
o flux predictions change B oM SN
o must re-determine PRISM coefficients. Aﬁe:();
§§ 0% 1
e Different coefficients change the flux S 251 | X | |
. . 0 2 4 6 8
matching residual / B, [

o The residual correction uses FD MC
o This sets the scale that signal cross-section

. 0.1
uncertainties enter.

Off axis position (m)
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Flux Systematics

% 4 — Dy, =y,
- Cq:; / Off-axis Only
. . S 31 280 kA
e Flux systematics introduce S ot
cross-section dependence at the L 1J\N N
level that the PRISM prediction and ml ] ]
the FD prediction don't 'track' each i o
S 2%
other. 5074 ! I : é 4
E, [GeV]
S C
g 2 ? Far detector 'data’
2 C V%
5 15 ; 2 PRISM Prediction + stat. err.
% 1 :_ Far detector Flux correction
L%) E Far detector NC+WSB correction
0.5 %b
0: N R S — St
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Flux Systematics _
= . Oft-axis 0:13-
e Flux systematics introduce 3 . Jr: i
cross-section dependence at the - 1‘},‘\( e
level that the PRISM prediction and ) T
the FD prediction don't 'track' each T
other. ] ; ;1 : :
E, [GeV]
e Take a given systematic variation | |
and study how much the FD flux 5 00l
prediction and the PRISM prediction = |8
vary relative to nominal to each ;01 '
other. ;0.05-
o e.g.one systematically varied hadron B 0.00-
production universe. a2
_0'05;) | 2 :zl 6 8 10
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Flux Systematics

Flux systematics introduce
cross-section dependence at the

level that the PRISM prediction and
the FD prediction don't 'track' each
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Other Oscillation Parameters
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NuFit 4.1, AIM| = 2.38x10° eV, sin’(6,,) = 0.487
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?

Try it yourself!
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Does it work everywhere?  mvitvourser
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Try it yourself!
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Does it work everywhere?  mvitvourser
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Analysis Flow: Disappearance

(===

|

ND Data, ND MC, Corrected Data, FD MC T
FD prediction
ND predicted FD predicted

ND data

right sign right sign
numu Flux numu Flux

FD NC
ND NC prediction
prediction FD WSgnB
ND WSgnB Match PN prediction
prediction coefficients FrEe— FD WLepB
ND WLepB prediction
prediction Mis-match

uonippe-ay

Subtraction

correction

ND
background Efficiency + ND corrected Linearly

subtracted Resolution signal Combine
signal Correction

FD data-driven

signal
prediction
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ISP VE.
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Is this the only Game we can Play?
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Is this the only Game we can Play?
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FiXi n g fo r a n a p pea ra n Ce 10-15 FD Oscillated Flux
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Fixing for an appearance
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10-15 FD Oscillated Flux
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ND nue fits

e Sample ND v_flux while
scanning off axis angle.
e v_produced in 3-body decay:

relative rate rises off axis.
o Match ND v, to ND v,

e Use to check simulation of
cross-section and
reconstruction for v, andwv_in
a similar flux

(m)

Off-axis postion

5 MICHIGAN STATE DUNE Preliminary

0
UNIVERSITY 0 1 2 3 4 5 6 7 8 EV(Ge\;)O
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ND fits s

E —— Target Flux
—= % —— Off-axis Only
e Sample ND v_flux while 5
scanning off axis angle. 2
e v_produced in 3-body decay: °
relative rate rises off axis. gl o |
Sf= -10% r
. . =l _9209% |
e Use to check simulation of 0 '

cross-section and
reconstruction for v, and v, N
a similar flux

(m)

Off-axis postion
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Near Far Differences
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Geometric Efficiency Estimate
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e \Want to understand selection efficiency in an

as-model-independent-way-as-possible.

ot ',w/’\\‘\\\
/ Ne—rg \\\,\
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Geometric Efficiency Estimate

| —
e \Want to understand selection efficiency in an
as-model-independent-way-as-possible.
Active Volume
c
9
6L
O
¢ 9
£3
y
MICHIGAN STATE T—»X I VE
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Geometric Efficiency Estimate

| —
e \Want to understand selection efficiency in an
as-model-independent-way-as-possible.
o For a selected data event, can estimate the probability of selecting an equivalent
event geometrically.
o Not just a model-based average as in current generation analyses
Active Volume
c
9
0
s S
y
®¥ MICHIGAN STATE T—»x B VE
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Geometric Efficiency Estimate

!

—
= 80%

e Exploit symmetry of interactions in LAr ND:
o Translation around an off axis bin
o Rotation around beam axis.

e How often would we have selected this = 30%
event? &
o Does a rotation move observed hadronic deposits
into the veto region?
o For the Muon, train an NN to predict & = 0% = 95%
containment/selection by tracker. '- l"
o Average over many toys to estimate efficiency. | * | V\\| |
e Ongoing work at Stony Brook and CERN, e
L. Pickering

see talk by Cris Vilela for more details.
~ 0x0.841x%x0.3+0x0.704+1x0.44+1x0.95 _ 33%

o 5



https://indico.fnal.gov/event/22617/contributions/197804/attachments/135051/167328/cv_DataDrivenEfficiency_20200924.pdf
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Hadronic Shower Selection

e Exploit symmetry of interactions in LAr ND:
o Translation around an off axis bin
o Rotation around beam axis.

XY View YZ View
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Hadronic Shower Selection
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Hadronic Shower Selection
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Hadronic Shower Selection
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Hadronic Shower Selection
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Muon Selection Efficiency

® Train neural network to predict fate of muon as a function of its position and momentum.

* Output is the probability for the muon to be sampled in the tracker, be contained in the
liquid argon, or not be selected.
* Forinitial studies use true position and momentum, but plan to use reconstructed quantities in
the future.
» Start with simple neural network with 2 hidden layers with 64 nodes each and RelLU activation.
* Implemented in PyTorch: https:/github.com/cvilelasbu/ MuonEf‘fN

C. Marshall

MICHIGAN STATE \ =
UNIVERSITY
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ND/FD Efficiency Differences

e There will be some regions of kinematical
phase space that are not well sampled by the
near detector.

[
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ND/FD Efficiency Differences

e There will be some regions of kinematical LET '
phase space that are not well sampled by the o
near detector. oo
o High energy/very inelastic events result in large Ny
showers that are rarely well contained by the ND 03¢
o Never get a good constraint on such events from the 221: A
data £ Near detecior sficiopcy ) 1NN

E™ [GeV]
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There will be some regions of kinematical
phase space that are not well sasmpled by the

near detector.
o High energy/very inelastic events result in large
showers that are rarely well contained by the ND
o Never get a good constraint on such events from the
data.

o Thisis true regardless for any analysis, not just PRISM.
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ND/FD Efficiency Differences

e There will be some regions of kinematical
phase space that are not well sampled by the

near detector.
o High energy/very inelastic events result in large
showers that are rarely well contained by the ND
o Never get a good constraint on such events from the
data.

o Thisis true regardless for any analysis, not just PRISM.

e Can apply event-by-event efficiency
algorithms on FD data and determine which

events are not well-constrained by the ND

o Separate these into a separate sample which is
compared to FD MC (as in a traditional analysis).
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Far detector events with . 0.1

tConstrained by ND
‘DUNE#F?RISM LC analysis

W

t >10%
ND Eff.

o 1 2 3 4 5 6 7 8 9 10

0.008

0.007

0.006F

0.005F

=

0.003

0.002f

0.001

Far detector events with N < 0.1

t Not constrained by ND
- MC-ba Td analysis

1 C. Vilela

+ <10%
ND Eff.

: + +
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Hand Picked Fake Data
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INTRODUCTION

®* Want to generate a fake data set that biases oscillation
parameters but is not constrained by an on-axis near detector fit.

® Developed in the context of DUNE-PRISM studies.

n
I

Sum over knock-out nucleons: Sum over mesons:
* If undetected, ~m, ., bias!

* How many?
* How is energy shared?

* Neutrons!
* How many?
* How is energy shared?

® Procedure:
¢ Shift 20% of the energy carried by protons in CC interactions to
neutrons.
* This will change E}.e = EYec as neutrons are largely unseen.
® Find a reweighting scheme that recovers the unshifted distributions
of observables at an on-axis near detector.


https://indico.fnal.gov/event/16764/session/14/contribution/51/material/slides/0.pdf

Multivariate ReWeighting  _ ... cuc 000
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e Reweighting/Fake data
technique that is being used
more on T2K and DUNE
(originated in Collider land).

e GCet BDT to give you event
weights that make your
nominal MC look like
something else in many
distributions at once (but get
the correlations correct).

ﬁMICHlGANSTATE
R UNIVERSITY

MULTIVARIATE REWEIGHTING

® Train a BDT to classify ND CC events as either nominal or
shifted based on the following six variables:

* Lepton energy, energy deposits due to protons, mts and m°.

Elep
® Efec and Yoo (=1 — TQC/E )-

® Oscillation analysis uses these variables.

4
rec

® Output of the BDT gives, for each event:

Nshifted

lep -p nt 0
b [ EV ) ) E ) E ) E ) E -~
pshlfted( recr Yrecr Erecr Eqepr Ldep dep) N Nenlg

* Applying weight w = 1/Psm'fted — 1 to shifted events

results in a distribution that looks just like the nominal.

P


https://indico.fnal.gov/event/16764/session/14/contribution/51/material/slides/0.pdf

L. Pickering 131

C. Vilela: DUNE Jan 2019

Missing Proton Fake Data

==
Erec
14
MULTIVARIATE REWEIGHTING
0
MULTIVARIATE REWEIGHTING NOMINAL, SHIFTED, FAKE DATA
NOMINAL, SHIFTED » w0 dep * Apply -20° Y .

R / . - shift in proton deposited energy.
e Edep ® Apply -20% shift in proton deposited energy. g w0 Eﬂ'i PRYY /o P P 9y
io B I io
: . : ¢ Changes Etvrue - Erl‘/ec' E “: - ® Apply BDT weighfs.

l —\ . ==
. v e g Y K §i& " Recover distributions but not Eye = Efec.

o rec true ©

(= z ¥ :: Etrue T e Eryec — Etyrue
5 b 1000 N 1500 v
i s ' gdep \ - o = = Etrue

Y - A : m

N 0 z o 1000
R B 10°
g, wo® dep 750

%% 5 ]ﬁ ’ /h,\\f\ \\ AN N N proton .
< ~: o 250
Lo Train BDT to distinguish between i

/:\\ - and events. E @ D % ﬁ R

" 10| S Peonecepmaon
,>: G 10 3 ProtonEdepm20p
2 o pder
= K = s\ w0
£ [GeV]} Ep-%*® [GeV] Yrec Ep%® [GeV] Erec [GeV] Ex®*® [GeV)]
DUNE Collaboration Meeting January 30 2019 8
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More Observables

| [—

e There are limits to this 3 TRANSVERSE VARIABLES,
: REWEIGHTED

technique, but they're much
further off than
multi-dimensional histogram
reweighting.

e |t's still reweighting, cannot

Ul
wh

)

=S B P %@)

=

PP NRNDD K~

change total phase space. LA B el
e Doesn't always produce a A A\ AN\
consistent model, for medium e
sized sets, weights can be BA =z
noisey. e a e SN N U .

NE Collaboration Meet ing

£~ MICHIGAN STATE N VE
UNIVERSITY P



Horn Current
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Flux Mismatch Correction =

x10
3 4 4 FD v, — v,
e Elephantinthe room 2 ND Flux Match
£ 3
L
5
T
=0 ;
0 2 4 6 8 10
E, [GeV]
r' MICHIGAN STATE N VE
UNIVERSITY P



L. Pickering 135

Flux Mismatch Correction D Ottt Pl

x 10

- FD v, — v,
ND Flux Match

s
1

POT per GeV]
w

)
1

-9
cm - per

[a—y
!

o

|

A

G MICHIGAN STATE I VE
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Flux Mismatch Correction D Ot Pl

x 10

—
FD v, — v,

ND Flux Match

N
1

e Have to correct for this mismatch

by using far detector simulation:
o Want to minimize model assumptions
wherever possible...

POT per GeV]
(UN)

N}
1

-9
cm - per

—
!

o

10

o
b
e
(=)
oo

ﬁ MICHIGAN STATE Nt VE



Flux Mismatch Correction

x 10
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FD Oscillated Flux

FD v, — v,
ND Flux Match

—] r>‘
2 49
. . o
e Have to correct for this mismatch 5
. . 1 T
by using far detector simulation: 5
o Want to minimize model assumptions Q; 2
wherever possible... f‘l _
e This happens because no off axis )
: . HKH
fluxes peak higher than on axis 05
x107°
S\ 60ﬂptlm|zedEng|neeredNov2017ReVIew v-mode, Vo
(O}
0} Qf:@ & o8
- Q;z,q/@ \\" N
g 40 [ . |
Q_ L
l_ -
O L
o ool
.
o L
E ol |
s % 1 2 3
o (GeV)

10

N
(@)=
0

A
A7
e /. \
/ R ( \\\\\a\
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Flux Mismatch Correction FD Oscillated Flue

—y —
.7: JJ FD v, — v,
L Have to ¢ Flux Match
by using
o Want-
where
e This hapj
fluxes pe s 10
x10° o
S\ 60ﬂptlm|zedEng|neeredNov2017ReVIew v-mode, Vo
()
O] Q,‘:@ & @‘&
~ (b‘bq/@ \\" S
g 40 || |
Q_ -
|_ L
O L
T 20-
5 |
o r g
IE / PR e S S R I : ‘ i - 91/7\‘\“\\
s 9 1 2 3 Y ( >
g (GeV) P
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Special Horn Current Runs

|
v
Proton beam —
-
If we vary the current in the magnetic horns, we change their
momentum acceptance
}\\” /((\\\ =




L. Pickering 140

Special Horn Current Runs

—] =

Proton beam

_

e If we varythe current in the magnetic horns, we change their

mMmomentum acceptance:
o For alower current, some higher energy pions might not be well focussed...
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Special Horn Current Runs

=] |
%108 ND On-Axis Flux Ratio to 293 kA _axg
3 L 1300
3 al
L9250
<
2 L9200 =5

® [cm2 per POT per GeV]
DO

14 100
£ 50
0 1 0 i
8 10 0 2 4 6 8 10
E, [GeV]
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Special Horn Current Runs

| —
e Small variations are better: Ratio to 293 kA
o Lesschange in far detector T R
exposure 3 L 1300
e |Lower currents are better: o5
o Current horn and power supply T
designed with 293 kA as the 27 F200 =2

operating current.

1 100
”
0 — S
0 2 4 6 8 10
E, [GeV]
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Special Horn Current Runs

| —
e Small variation are better: Ratio to 293 kA
o Lesschange in far detector T R
exposure 3 L 1300
e |Lower currents are better: o5
o Current horn and power supply T
designed with 293 kA as the 27 F200 =2

operating current.
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Special Horn Current Runs

—= =
e Including an on-axis run at
. . 10715
280 KA drastically improves = T
i @b 44 / —FD =
the flux matching! : f Off-axis Only
o Much less far detector model g ‘ g i
correction required. ‘; 21—
& 1
ER JW —
. "50%
SE 0%
22 -25%-
T S50% .
0 2 1 6 8 10

E, [GeV]
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Parent Species Off axis.

—] =
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Special Horn Current Runs

—= g D. Douglas, T. Lord
. . C . i - —— Target Flux i
e Can make flux predictions under - j i Off-axis Only |
. .. 231 200 kA ;
different beam conditions: S 5 y 2004 250KA
o e.g.Varied horn currents g 4 "\ ] o0 ke 5
- g 303 kA !
‘5 (J«“:!IJ J 3 i e —
e Seemsto really change the game = |
o= 20% 4T a2 i
in terms of reducing the need for SR | \ |
FD MCI S| ey I — | A VR |
0 2 4 6 8 10
. E, [GeV]
e Only need an on-axis sample:
minimal disruption of FD data
taking.
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