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e Primer: Neutrino Oscillations
e Introduction to DUNE
e The PRISM Concept
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Big Picture Neutrino Questions

What is the mass ordering of
the neutrino mass states?

Is there significant CP

sector?

violation in the neutrino oscillation parameters?

What are the precise values of
the remaining neutrino

Could neutrino sector CP
violation explain the
matter/anti-matter asymmetry?
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| believe that the biggest barrier to
progress is neutrino interaction
mis-modelling.
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Primer: Neutrino Oscillations
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Neutrinos
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Standard Model of Elementary Particles e Three generations of matter:
e e i ey e o Three neutrinos paired with charged
| I} 11
leptons: electron, muon, tau.
mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =125.09 GeV/c2
charge 2% % % 0 0
spin u C g t 4 H M .
ol | - @ [ @ | , e Neutrinos are:
up i charm ‘ top | | gluon higgs )
< o Electro-magnetically neutral
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
o NI RN I v o Massless within the standard model
dolin strange || bottom | | photon o Interact via mainly via the weak force.
- - o o Absurdly abundant
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c2
. @I @ | @ \ <2
electron muon tau Z boson
<2.2 e\: m <:/Ievl(:2_ _< 15.;VICZ_ =80.39 GeV/c2
| e Hi NI Il1 W
electron muon tau
; I neutrino neutrino neutrino I W boson
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Neutrino Sources

Galactic
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Neutrino Oscillation: PMNS

Interaction with matter in flavor
eigenstate defined by charged
lepton.
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Neutrino Oscillation: PMNS
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Journal of Physics G: Nuclear and Particle Physics. 43. 10.1088/0954-3899/43/8/084001
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Neutrino Oscillation: PMNS

e.g. created as muon neutrinosg Lr . 1
0

0 0.5

Interaction with matter in flavor
eigenstate defined by charged
lepton.
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Neutrino Oscillation: PMNS
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Interaction with matter in flavor

e.g. created as muon neutrinosgﬁ Lr 1
<05 ‘ ]
LS
\ T q ?\_\0

[

eigenstate defined by charged 0 0-5 B (GeV)
lepton. Ve Uaa Ues Uesl||| 1 Propagate as
U - superposition of
. RN mass/energy
Yu Ua Uwe Usl||| v eigenstates.
W:t
N 7 Un U Us||\v
\ ) I 1 vz 3_1\\ 3 ) )
Mpuns
N’ Pontecorvo-Maki-Nakagawa-Sakata
= 1} L=295km
<
= 0.5
KA
0

0 0.5 1
E,(GeV)
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Re-parameterizing the PMNS

Ve 1 0 0 C13 0 Slge—iécp C192 s1o0 0 1
Vi — 0 €23 S99 0 1 0 —S$12 €12 0 V9o
V+ 0 —8593 €93 —813616013 0 C13 0 0 1 V3

Atmospheric Reactor Solar
/Accelerator

e Unitarity lets us re-parameterize PMNS matrix in terms of:
o Three mixing angles: Cij = cos(eij)
o CPviolating phase: 0<d_,<2x
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Muon Neutrino Disappearance

—- =
e Toleading order, muon Plv, »v,) ~1— 4cos? 013sin? 053

neutrino survival probability i o o, Am2,L

depends on mixing angles, X [1 = cos” B138in” O3] sin” ———=—

41F

and mass-squared splittings. + (solar, matter effect terms)
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Muon Neutrino Disappearance

—y

[T

e Toleading order, muon Plv, »v,) ~1— 4cos? 013sin? 053
neutrino survival probability i o o, Am2,L
depends on mixing angles, X [1 — cos” B13sin” O3] sin T

and mass-squared splittings. + (solar, matter effect terms)
e Choose L/E for

1
maximum effect: ;E
. 9 > 1 1+ 0.8 Am?Z, = 2.56 X103 eV? ]
sin® (Am34L/4aE) ~ 1 - - 395 Km ]
= 0.6 _
oy
0.4 First maximum
0.2 J
L |
0 0.5 1

E,(GeV)



Electron Neutrino Appearance
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e Electron neutrino appearance
probability has ‘CP odd’ term.
o Sign flip between matter and
antimatter.

AmgzL
| 1E
(+)— [ sin 201 9sin 26023sin 26,3 cos 013

Am2, L Am? ‘

+ (CP-even, solar, matter effect terms)

[ w1 . 2 :
P(v, — Ve) ~ sin” O33sin” 20,3 sin?
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e Electron neutrino appearance
probability has ‘CP odd’ term.

o Sign flip between matter and
antimatter.

—) —)

Am?2, L
Py, — Ve) ~ sin? O53sin? 20, 3 sin®> ——32—

\ 1E
(+)— [ sin 201 9sin 26023sin 26,3 cos 013

Am2, L Am? o

+ (CP-even, solar, matter effect terms)

~ T2K B.F. 2018, L=295 km, 6cp = 0

------

O DA P b b e

-
CE oy

.-

Sop = 31/2]
Maximal CPV |
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e Electron neutrino appearance
probability has ‘CP odd’ term.

o Sign flip between matter and
antimatter.

—) —)

Am?2, L
Py, — Ve) ~ sin? O53sin? 20, 3 sin®> ——32—

AL

e —

+ (CP-even, solar, matter effect terms)

] I S s e ———
o T2K B.F. 2018, L=295 km, dcp = 0
T N N1 e vy — Ve
0,05 No CPV
e (L R o
Q.‘ ---------
/_Q: 09 rE"’" '(SCPI: 37T/2
e | |
3 & Maximal CPV |
30.05 | &
=) R
< I A\ e
o L& . '
0 0.5
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Electron Neutrino Appearance

—y _—
e Electron neutrino appearance
robability has ‘CP odd’ term. 0.1 ——
P ) z o g 3 ~T2K B.F. 2018, L=295 km, dcp = 0
@ S|gr1 o between matter an 3 Uy Ve e Dy — e
antimatter. .0.05 A No CPV
N . et e ;
s &
SR . . . XS ]
P((V; —>(V)e) ~ sin? 02351112 20, 3 sin? 452 ‘X -
(+)— [ sin 201 9sin 26023sin 26,3 cos 013 A :
T
. AmZ, L . , AmZ, I~
X sin 4—; sin? 452 sindcp

+ (CP-even, solar, matter effect terms)
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Neutrino Oscillation: What Now??

[T
. . S PDG 2018:

Evidence for neutrino oscillation is Neutrino Masses, Mixing, and Oscillations
overwhelming: c.f. 2015 Nobel Prize Parameter best-fit 30

Am3; [107° eV 2] 7.37 6.93 — 7.96
We know: all mixi Nng ang les and Am31(23) (1073 eV 2] 2.56 (2.54) 2.45 — 2.69 (2.42 — 2.66)

sin? 012 0.297 0.250 — 0.354
both mass-squared splittings # O. sin? 3, Amd ) >0 0425 0.381 ~ 0615

sin? 03, Am32 (31) <0 0.589 0.384 — 0.636

sin? 013, Am3 1(32) > 0.0215 0.0190 — 0.0240

sin? 613, AIILQ(H) <0 0.0216 0.0190 — 0.0242

§/m 1.38 (1.31) 20: (1.0 - 1.9)

(20: (0.92-1.88))
Phys. Rev. D97, 072001 (2018)




Neutrino Oscillation: What Now??

Evidence for neutrino oscillation is
overwhelming: c.f. 2015 Nobel Prize

We know: all mixing angles and
both mass-squared splittings # O.

Search for CP violation in the

neutrino sector—i.e. measure 5_,
o Most sensitivity when other parameters
are well known

, [eVct

2
3

Am
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107 Normal ‘Hlielralrch)‘/, 90% CL

3410 T \ L
- —— T2Krun 1-9 (2019) Super-K 2018

320 NOVA 2019 - IceCube 2017 1

3 4 T2K best fit -
2.8 =
2.6 — S0 -
2.4~ = - B -
226 AL -

2 L. L L -

03 0.4 0.5 0.6
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Neutrino Oscillation: What Now??

107 Normal ‘Hlielralrch)‘/, 90% CL

5341 ] \ T T

Evidence for neutrino oscillation is EEL AR A
overwhelming: c.f. 2015 Nobel Prize EQE ]
o o — i E
We know: all mixing angles and zj_ :,\v»(“'\/ S
both mass-squared splittings # O. S ]
2l L \ ! T
Search for CP violation in the oMY ey

Nature 580 7830 p339 (2020) T2K runs 1-9

neutrino sector—i.e. measure 5_, ® ool T2 eacors
e . 0.032 - T2K only =

o Most sensitivity when other parameters b Reactor ]
are well known 0.028 |- E

o Current generation experiments have § 0026 |- =
some sensitivity to 8, but disagree on ’ ZZZ: :

the best fit... oo b @ |

o Need new experiment for definitive vormatocer |
'five sigma' result... inverted orer | . | | | |

3 ) - 0 1 2 3


https://www.nature.com/articles/s41586-020-2177-0
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The Deep Underground Neutrino
Experiment

MICHIGAN STATE I Ve




L. Pickering 24

The Deep Underground Neutrino Experiment

|

—

Sanford

Underground
Research
Facility

Fermilab

____

Collaboration PMNS Oscillations Rich Physics Program
e >7100 Collaborators e Unprecedented e Solarvis e NSI
e 34 Countries sensitivity to osc. e Geovw’s e Sterilev's
params. e SNV's e Cross

e Measurement of 6Cp —Barara+vs  sections
and mass ordering
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The Deep Underground Neutrino Experiment
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Collaboration PMNS Oscillations Rich Physics Program
e >]100 Collaborators e Unprecedented e Solarvis e NSI
e 34 Countries sensitivity to osc. e Geovw’s e Sterilev's
params. e SNV's e Cross

e Measurement of 6Cp —Barara+vs  sections
and mass ordering
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The Deep Underground Neutrino Experiment

/ ' .“k?\ —— ;r—.mi,il%..: =
Collaboration PMNS Oscillations Rich Physics Program
e >]100 Collaborators e Unprecedented e Solarvis e NSI
e 34 Countries sensitivity to osc. e Geovw’s e Sterilev's
params. e SNV's e Cross

e Measurement of 6Cp —Barara+vs  sections
and mass ordering
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The Deep Underground Neutrino Experiment

| |

Sanford P———
Underground ) :
Research _
Facility s

Fermilab

L ) S
B

Collaboration PMNS Oscillations Rich Physics Program
e >7100 Collaborators e Unprecedented e Solarvis e NSI
e 34 Countries sensitivity to osc. e Geovw’s e Sterilev's
params. e SNV's e Cross

e Measurement of 6Cp —Barara+vs  sections
and mass ordering
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The Deep Underground Neutrino Experiment

[

e Sample osc. beam e Sample unosc. beam e Produce
e Infer osc. params e Constrain flux*xsec neutrino beam

Sanford

Underground
Research i
Facmty I

Fermilab

________
_ ==

to====
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The Deep Underground Neutrino Experiment

—= =
e Produce
neutrino beam

Sanford

Underground
Research -
Facility N

Fermilab

______
—————
=
==
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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

—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.
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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



L. Pickering 34

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
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Off Axis Fluxes

E, (GeV)

[
A%
[ L L L [ T ) J ¥ J ¥ . ' ' T ' >
- K. Duffy Thesis' s
[ —— 0=05 g
— 0=10 ]
F —— 08=15 E
n :
: | PR | | | : |} ?\\
0 2 4 6 8 10 12 = f(\\}
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; >>>>> | :
0 2 4 6 8 10 12


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

|IIII||I|I|IIIIIIIIIIII

-4

T T R Dulfy Thesis
0.0
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sin’20,, = 1.0
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: | |
t T t
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3 . NN 0A25°
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= |
& _ 051 N
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g L
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Phys. Rev. D 87, 012001 E, (GeV)



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

= [ Second maximum
O B 1 T T
& o04F = ]
~ . _
> - First maximum Tl 0.5 sin20,,=1.0 ]
8 i 2 AmZ, =2.4x10%eV? ]
"\E 03 [ — ]
<2 i 4 OA 0.0°
S 0.2 %4 OA 2.0°
o . o NWO0A25°
\_ 'WLl
N ¥, "-l
= 0.1H |
N T
JON
'9 O I [ | 1 1 | 1 1 1 | 1 1 1
-L”bl
™

=

2 4 6 |
F 2 3
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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
e Unprecedented neutrino interaction rate
@4_' | rrrrrrrrrrr
—é i —— LBNF
— L —— NuMI on-axis
é 3- —— NuMI off-axis
B —— BNB 7]
E R 4
% C. Wilkinson
> 2
O
N -
g [
< Ip
e
2 MICH ™ 274 6 N VE.

8 10
UN I E, (GeV) P
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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

e Unprecedented neutrino interaction rate

4 T LA N LR N R
[ — LBNF |
L —— NuMI on-axis g LED ZEPPEL|“§
- —— NuMI off-axis . WHEOeLE LOTTANumus
3r — BNB y |

C. Wilkinson

vu/cmz/GeV/year (X10')
[\®)

[E—
1 T T T 7T

g~ MICH O > T4 % 8 10
UN I E, (GeV)
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The Deep Underground Neutrino Experiment

| (===

e Sample unosc. beam
e Constrain flux*xsec

Sanford
Underground
Research
Facility

Fermilab

_______
===I5

L a==ET
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DUNE Near Detector Concept

[
. : LAr TPC v %MPD (9]

o Primary target, similar to FD SAND e s

DUNE Preliminary MPD FV

All int. Selected All int.

Run duration | Nv,CC | NSel | WSB | NC | Ny,CC
/2 yr. 25.5M 11.3M | 0.2% | 1.4% | 680,000




DUNE Near Detector Concept
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ArgonCube: LAr TPC

O

Primary target, similar to FD

: GAr TPC + ECal +

Low mass magnet

O

(@)

Charge/momentum/PID
Low threshold neutrino
target

7 >
v /(/ ArgonC
. SAND o
“0
(»]
. 1‘ | o
(»)
DUNE Preliminary ArgonCube FV
All int. Selected All int.
Run duration | Nv,CC | NSel | WSB | NC | Ny,CC
/2 yr. 25.5M 11.3M | 0.2% | 1.4% | 680,000




DUNE Near Detector Concept
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[
ArgonCube: LAr TPC v % ArgonC
o Primary target, similar to FD — 2 el
- e | gy
MPD: GAr TPC + ECal + e
(+]
Low mass magnet
o Charge/momentum/PID ) o
o Low threshold neutrino
target s/ 7
. W 7 Vd
: 3D plastic
scintillator detector inside  ;,ue pretiminary ArgonCube FV MPD EV
a superconducting All int. Selected All int.
SO|eﬂOIdI Run duration NI/MCC NSel WSB NC NVNCC
o Beam monitor 1/2 yr. 25.5M | 11.3M | 0.2% | 1.4% | 680,000




DUNE Near Detector Concept
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DUNE Near Detector Concept

- GArGON

> ACTION

,\"{ “ 0 d & ‘

w_laszfllhivgﬁiner.com/Taqs/qarq'on
A



https://hiveminer.com/Tags/gargon/
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The Deep Underground Neutrino Experiment

| (===

e Sample osc. beam
e Infer osc. params

Fermilab




Far Detector

SURF underground - Fickering 50

4x10 KT LAr TPCs

facilities ¢

R. Patterson ENAL, JETP

Y PRISM



http://vmsstreamer1.fnal.gov/Lectures/WC/presentations/190802Patterson.pdf

Far Detector

SURF underground
facilities 9,

® 4X

S.
o Unprecedented FD event resolution

v, CC (E,=3.1GeV)

f/'dﬁ//
el

Surviving v,

—_—

suonenuIs

v, CC (E,=3.1GeV)

-

Appeared v_
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R. Patterson ENAL, JETP

PRISM


http://vmsstreamer1.fnal.gov/Lectures/WC/presentations/190802Patterson.pdf

Far Detector

SURF underground
facilities o

® 4X

S.

o Unprecedented FD event resolution and event rate!

v, CC (E,=3.1GeV)

e ‘J———‘v
S -
e .
T

Surviving v,

> 800 "

) DUNE v, Disappearance
8 sin,, = 0.580

] 700 AmZ, = 2.451 x 107 eV?
c‘ 32 = <

- 3.5 years (staged)

[

8 600 — Signal v, CC

g [ ] Euc cc

g 500 & (v, + v,) CC

w (v, + V) CC

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

v, CC (E,=3.1GeV)

{'«A"‘{(‘c

=
Appeared v_

DUNE v, Appearance
Normal Ordering

3cp =0, sin’20,, = 0.088
sin%6,, = 0.580

3.5 years (staged)

—— Signal (v, + V) CC

py
[<2]
o

TT T

Events per 0.25 GeV
S
(=] (=]
Buaas

@ Beam (v, + v,) CC
L [ NC
s s (v, + v,)CC
100~ (vi+ v}) CC

80F
60F
40F

20

DUNE Prelimm

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
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R. Patterson ENAL, JETP

DB VE.
-


http://vmsstreamer1.fnal.gov/Lectures/WC/presentations/190802Patterson.pdf

Measuring Oscillations

L. Pickering 53
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Inferring Oscillation Parameters

-

Shouldn’t be too hard

o Sophisticated detectors
o Powerful neutrino beams

Look for signature
'oscillation' shape in flux at
the 'far' detector...

O[°E,) (10 fcm? /GeV /POT)

0.4

0.3

0.2

0.1

DUNE Preliminary, LBNF TDR Flux
NuFit4.1 best fit Oscillation

DUNE Far Det.

IOIIlIIII]IIIIlIIII[II

E, (GeV)

I VE



Signature Oscillation Shape
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|
0.4 ) 6><1()‘3 Phys. Rev. Lett. 121, 171802
> .
T2K B.F. 2018, L=295 km 2 QN
0.3 f . 5 2.5 Z
— |Am3;| = 2.525 x 1073V :m
i 24
02+t — |AmZ;| = 2.463 x 10 3eV 1 2_ -
|Am3,| = 2.325 x 10~3eV =
0.1} : 5y : L
0.45 ; .
0 L= VAN A v sin*(8,,)
0 0.5 1 0
E,(GeV) : 1Y " \TQK BJF. 2018, L=295 km
e Mass-squared splitting shifts the E 0371 sin?(fa3) = 0475 |
‘dip’ 0.2 | sin?(fa3) = 0.526 A
e Mixing angle determines the o sin?(fz3) = 0.575
depth of the ‘dip’ '
0 s, 1 1
0 0.5 1


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.171802
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Inferring Oscillation Parameters
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e Look for signature ‘oscillation’ shape in flux at the far detector

O{°(E,) (10 jcm? /IGeV /POT)

0.3

0.2

0.1

0.4F

DUNE Preliminary, LBNF TDR Flux

NuFit4.1 best fit Oscillation

DUNE Far Det.
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Inferring Oscillation Parameters

Look for signature ‘oscillation’ shape in flux at the far detector

o

DUNE Preliminary, LBNF TDR Flux
1 best fit Oscillation

DUNE Far Det.
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Inferring Oscillation Parameters
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Look for signature ‘oscillation’ shape in flux at the far detector

We cannot observe the flux, only the event rate

V#CCiugfalu&w

=

A
VL/

o
i
-

-

> s
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Inferring Oscillation Parameters
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Look for signature ‘oscillation’ shape in flux at the far detector

We cannot observe the flux, only the event rate

vHC(?ugfxloﬁw

> s




Inferring Oscillation Parameters
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_—
e Look for signature ‘oscillation’ shape in flux at the far detector
e We cannot observe the flux, only the event rate Fisf —con s - coms )
v, CC (E,=3.1GeV) g

e ~,

Event rate (A.U.)

04 r

0.3 r

0.2 r

NEUT 5.3.6, RFG v,C
— CC-Total — CCQE
CC-Res. 17
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Inferring Oscillation Parameters

—y

_—
e Look for signature ‘oscillation’ shape in flux at the far detector
e We cannot observe the flux, only the event rate £l R 1r - cebis o

— 1,CC-Total

sleon™

a(E,)/E, (10*cm?nuc

vCC/f« 1 Gg¢

)"—/ -
: {;3/ . = 04l NEUT 536, RFC 1,C
< <
- \‘\':g\t E — CC-Total — CCQE

A .?' 2 03l CC-Res. 17
g
. £2]
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Inferring Oscillation Parameters

—y

e Look for signature ‘oscillation’ shape in flux at the far detector...

e \We cannot observe the flux, only the event rate

e We have to reconstruct the energy from observables

v, CC (E,=3.1GeV)

J/’Nf_d_.__.,
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e Look for signature ‘oscillation’ shape in flux at the far detector...

e \We cannot observe the flux, only the event rate

e We have to reconstruct the energy from observables

v, CC (E,=3.1GeV)

—~

Event rate (A.U

=
o

02 |

01 f

<
o

NEUT 5.3.6, RFG v,C, CC-Total

S 5 QE
Ey ERec.
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Current Long Baseline Neutrino
Oscillation Analysis
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An Oscillation Analysis
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An Oscillation Analysis
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Wiggle model parameters at the Near Detector
o Uses near detector data to constrain model parameters (flux, detector, cross section)
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An Oscillation Analysis

| —
v-mode £ s00=

o - 7 = F Unoscillated Prediction
; 2500 — ths, Rev, D 96' 092006 —4- Data -~ L Oscillated with Reactor Constraint
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e Wiggle model parameters at the Near Detector
o Uses near detector data to constrain model parameters (flux, detector, cross section)

e Trust model + uncertainties to predict far detector data for a given
oscillation hypothesis.
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An Oscillation Analysis

| —
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e Wiggle model parameters at the Near Detector
o Uses near detector data to constrain model parameters (flux, detector, cross section)

e Trust model + uncertainties to predict far detector data for a given
oscillation hypothesis.

e Infer oscillation parameters from observed data
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An Oscillation Analysis

| ==
i S Normal Hierarchy, 90% CL
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Traditional Oscillation Analyses: Tune model with near -
detector data, and have to assume it is correct at the far
° detector.

oscillation hypothesis.

e Infer oscillation parameters from observed data
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Model-driven Extrapolation

—] [

e \What if the model isn't correct? We can end up:
o = Attributing data/MC discrepancy to the wrong energy range at the near detector
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Model-driven Extrapolation
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e \What if the model isn't correct? We can end up:

o = Attributing data/MC discrepancy to the wrong energy range at the near detector
o = Predicting an incorrect observed far detector spectrum
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Model-driven Extrapolation

—] [

e \What if the model isn't correct? We can end up:
o = Attributing data/MC discrepancy to the wrong energy range at the near detector
o = Predicting an incorrect observed far detector spectrum
o = Exacting biased oscillation parameters.
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Model-driven Extrapolation

—] =

e \What if the model isn't correct? We can end up:

o = Attributing data/MC discrepancy to the wrong energy range at the near detector
o = Predicting an incorrect observed far detector spectrum
o = Exacting biased oscillation parameters.

T2/K

Phys. Rev. D 91, 072010 As well as biases
in Am?, fits to the varied E}, simulated data sets also
showed biases in sin® f33 comparable to the total system-
atic uncertainty.
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Example: My Work on I_Z/K\

e Uncertain 'missing energy' for y, NeutrinoCCQE /-
INnteractions with bound nucleons.
) W:l:
N
Nucleus
N/
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Example: My Work on I_Z/K\

[T

e Uncertain 'missing energy' for vy, NeutrinoCCQE  ,_

Interactions with bound nucleons.
e More missing energy > less W

visible muon energy for the same N

true neutrino energy. Nucleus

N/
}\\,’ /«\\\ =
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Example: My Work on I_Z/K\

e Uncertain 'missing energy' for v, NeutrinoCCQE
Interactions with bound nucleons.

e More missing energy > less
visible muon energy for the same N
true neutrino energy. Nucleus

e Incorrect prediction at far detector N’
induces significant biases in AmZ,

W:l:
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e «~0.003
£

1s§ ND PostFitlo | E Expé cted R
r — Eb L a— b ] ——— Asimov
y: < 00028~ gansitivity
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E missing energy
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Oscillations at the Far Detector

=] (===

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

Number of near J . N Detector

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

detector events probability effects

Want to know this
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Oscillations at the Far Detector

—] =

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

Nnear (Eobs) — /dEl/ (I)near <E1/) " W <E1/) ) Dnear

(4
=
Q

(7
S
-
=

Nfar (Eobs) — /dEV (I)far (Ey) : Posc

/

Want to know this
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Oscillations at the Far Detector

79

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

Nnear (Eobs) — /dEz/ (I)ncar <E1/) " W (Ez/) ) Dnear

(7
<
Q

(7
S
O
3

Nfar (Eobs) — /dEV (I)far (Eu) : Posc

/

Want to know this
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Oscillations at the Far Detector

—] =

e Whyc
o Be
o Col
o Car

Nnear (Eobs) — /dEl/ (I)near (Ez/) " W (EI/) ) Dnear

Nfar (Eobs) — /dEz/ (I)far (Ey) : Posc

(T
S
Q

&
&
=
&

/

Want to know this
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Precision Reaction-Independent
Spectrum Measurement
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DUNE Off Axis

E, (GeV)

L. Pickering 82

[T
Sample different fluxes at different
off axis angles.
N l__:/
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Off Axis at the Near Detector

e Sample different fluxes at different
off axis positions.

L. Pickering 83
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Off Axis at the Near Detector

e Sample different fluxes at different
off axis positions.

Off axis position (m)

Neutrinos/cm? per GeV per POT i

@, (cm? per POT per 1 GeV)

L. Pickering 84

60 rOptimizedEngineeredNov2017Review, v-mode, 3
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O Q
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40- | | |




Off Axis at the Near Detector

e Sample different fluxes at different
off axis positions.
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E, (GeV)
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Off Axis at the Near Detector

-

Sample different fluxes at different
off axis positions.
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Off Axis at the Near Detector

-

Sample different fluxes at different
off axis positions.
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Off Axis at the Near Detector

-

Sample different fluxes at different
off axis positions.
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Discrete Fourier Transforms

—
e Approximate function as a linear sum of
sines and cosines
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=
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Amplitude (A.U.)

Discrete Fourier Transforms
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o
o

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

L. Pickering 91

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

L. Pickering 92

e Approximate function as a linear sum of
sines and cosines
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Matching the Far Detector Flux
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10-1

Would like to approximate an oscillated far detector flux at the near

detector

FD Oscillated Flux

FD

Vy =

10

478\
M=t VE



Matching the Far Detector Flux

- POT per GeV]

—2

cm - per

3
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I
.

w
L

(3]
L

—
L

10-1%

Would like to approximate an oscillated far detector flux at the near

detector: Try a linear sum of off axis near detector fluxes!

FD Oscillated Flux

FD v, — v,

(o]

10

X[0]
X[1]
X[2]
X[3]
X[4]
X[5]
X[6]
X[7]

Off axis position (m)

(I)near (Em Loff axis)

2 4

6
E, (GeV)

(%]
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0

x10

Neutrinos/cm? per GeV per POT b

x[O]-
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x[2]
x[3]
x[4]
X[5]
x[6]

x[71]
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Matching the Far Detector Flux

e \Would like to approximate an oscillated far detector flux at the near

detector: Try a linear sum of off axis near detector fluxes!

o Determine a linear combination of near detector off axis fluxes that reproduces the
oscillated far detector flux.

(I)near (Eua Toff axis)

- -9 o —
10-15 FD Oscillated Flux X0} @ § x[0] -
74 FD 1, = v, xiif g 2| xuf 2
xi2] £ 3| x21f 2
31 = % 3]
© X[3] o Sl x[31] =
b =3 = =
g2 X[4] H RO
o 2 =
g! X[5] S| xsif g
E = =
°6 2 iE aan’ 8 10 X[6] x[6ll 5 0 10 20 T 30
v [GeV] X[7] x[71 Off axis position (m)

E, (GeV)

M(VE.
-



Matching the Far Detector Flux
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10-15

Use the 2D flux prediction at the near detector to approximate an

oscillated far detector flux
o Determine a linear combination of near detector off axis fluxes that reproduces the

oscillated far detector flux.

FD Oscillated Flux

—— FDy, =y,

ND Flux Match

10

[ X[0]
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X[3]
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X[5]
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X[7]
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(I)near (Eua Toff axis)

E, (GeV)

Neutrinos/cm? per GeV per POT b
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x[2]
x[3]
x[4]
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How does that help?

(I)near (Eyaxoff axis) X G= (I)far (EV) Posc (El/>
<
%’0"“@
Nnear (Eobs) — /dEV a;&@‘”@\osz/) g (El/) . Dnear
9
Nfar (Eobs) — /dEz/ (I)far (Ez/> Posc (Ez/) o7 (Ez/> Dfar ; /C(
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How does that help?

(I)near (Eyaxoff axis) X G= (I)far (EV) Posc (El/>
<
%’0"“@
Nnear (Eobs) — /dEV a;&@‘”@\osz/) g (El/) . Dnear
9
Nfar (Eobs) — /dEz/ (I)far (Ez/> Posc (Ez/) o7 (Ez/> Dfar ; /C(
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How does that help?

(I)near (Eyaxoff axis) X G= (I)far (EV) Posc (EI/>
<
%’0"“@
Nnear (Eobs) — /dEV a;\@‘”@\osz/) g (El/) . Dnear
e
Nfar (Eobs) — /dEz/ (I)far (Ez/) Posc (EI/) o (Ez/> Dfar ; /C(
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How does that help?

(===

e Use the PRISM method to build: ®necar (Ev, Zoft axis) X €= Ptar (Ev) Posc (Ey)

v
The novel DUNE-PRISM Technique: Make near detector
measurements in oscillated far detector fluxes!

PRISM

\~
Nfar (Eobs) — /dEv (I)far (Eu) ’ Posc (Eu) -0 (Eu) ’ Dfar /)\



Off axis position (m)

Building a far detector prediction

-
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e Have so far been matching fluxes

Off axis Coefficient
X10

o
e EeB8aoam8s 10-15 FD Oscillated Flux
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a oE ]
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g QE Predicted FD
8 £ RE I: 1 A
z _au‘ é i % Fll.IX
5 0+ : N :
= 0 2 4 6 8 10

E, [GeV]



Off axis position (m)

—
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Building a far detector prediction

L. Pickering

102

Have so far been matching fluxes:
o PRISM flux matching only depends on the off axis position of an interaction
o Can use the same linear combination coefficients for event rate.
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Building a far detector prediction

—] =

e Have so far been matching fluxes:
o PRISM flux matching only depends on the off axis position of an interaction
o Can use the same linear combination coefficients for event rate.
o Can predict the event rate in any near detector observable

Off axis position (m)
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© N
5 88853588 = L4 -
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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
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Flux Mismatch Correction D Ottt Pl

x 10

- FD v, — v,
ND Flux Match
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POT per GeV]
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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]
(8]

)
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-9
cm - per

—
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o
\]
e
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oo
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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 [ . |
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Flux Mismatch Correction | FD Ocillated Flus

—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 || |
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T 20-
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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
}\\” /((\\\ =
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Special Horn Current Runs
v
Proton beam —
_
If we vary the 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.

! 100
.
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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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.
4 ' — (]
0 2 1 6 8 10
E, [GeV]
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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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PRISMing it all together...
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The PRISM prediction

Off axis position (m)
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E oF
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ND Event Rate > E
i s
c E
g 8 E
w & &E
o o E
z 2wk
= CF
L o E
0 1 2 3 4 5 6 7 8 %wg
ERecA proxy (GEV) =k

Now we can predict the far
detector event rate using a
linear combination of near
detector observables!

-
@
()
>_
~
>
Q
)
S
™
o
—i
2
=
ra)
o
(]
>
Ll

Off axis Coefficient *

DUNE Preliminary

Far detector 'data’

Z
PRISM Prediction + stat. err.
7
- Near detector 'data’-driven

Far detector Flux correction

15

Far detector NC+WSB correction
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The PRISM prediction

L. Pickering M7

e Asthe majority of the
prediction is rearranged near

detector data:
o PRISM transfers near detector
'constraint' even if the near
detector sample is mis-modelled.

" MICHIGAN STATE
UNIVERSITY

VI/,

Event rate 10° /GeV /Year

15

T T T

Far detector ‘data’

Z
PRISM Prediction + stat. err.
7
- Near detector 'data’-driven

Far detector Flux correction

Far detector NC+WSB correction

2 4 6 8
E (GeV)

Rec. proxy
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The PRISM prediction

e Asthe majority of the s F
. . . §'_’ 2 _— ——e—— Far detector 'data’
prediction is rearranged near S % N
detector data: Q450 “

o PRISM transfers near detector % Near detector datat-driven
'COI’]SUaIﬂt' even |f the near § 1__ Far detector Flux correction
detector sample is mis-modelled. = . | s ‘

s o > | Far detector NC+WSB correction
e In a traditional analysis, the "~ osh )
whole spectrum would be - A
'correction’. o LI L = —
0 2 4 6 8
ERec. proxy (GeV)
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The PRISM prediction
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e Asthe majority of the

PRISM Oscillation Analysis: Rearranges near
detector data to predict far detector
observables with minimal dependence on
interaction models.

Event rate 10° /GeV /Year

NuFit 4.1, A|M?|_ = 2.52x10°° eV, sin’(8,;) = 0.525

2

15

32

——e—— Far detector 'data’

Z
PRISM Prediction + stat. err.
4

- Near detector 'data’-driven

Far detector Flux correction

- Far detector NC+WSB correction

2 4 6 8

E (GeV)

Rec. proxy




A Test Case
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A 'mock' data Study
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e What if the model is wrong but it was missed?
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A 'mock' data Study
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e What if the model is wrong but it was missed?
e Can imagine a world where the model predicts
the near detector data well, but EY. .~ FE IS
ue Obs
wrong.
Pt VE.




A 'mock' data Study

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

e Can imagine a world where the model predicts
the near detector data well, but BV .~FE IS
rue Obs
wrong.

e Case Study:

o Move 20% of proton KE to neutrons but on-axis ND fit
still works well

Event rate / (1.1x10?"2) POT

o
N
T T T

o
1N|)||
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x10°

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

2
- I On axis \\\
% 2 46
Erec. (GeV)
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A 'mock' data Study

What if the model is wrong but it was missed?

Can imagine a world where the model predicts
the near detector data well, but BV .~FE IS

rue Obs
wrong.

Case Study:

o Move 20% of proton KE to neutrons but on-axis ND fit
still works well

o Clearly visible off axis

L. Pickering 124

x10°

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

o
N
T T T

o
1I\|J||

Event rate / (1.1x10?"2) POT

e
I On axis \\\
% 5 i 6
Ereo (GeV)
x0f
28 m Off axis

Event rate / (1.1x10°716] POT

4 6
Ecor (GeV)
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A 'mock' data Study

x10°

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

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

o
N
T T T

e Can imagine a world where the model predicts

Event rate / (1.1x10?"2) POT

the near detector data well, but EY. ~E IS 0.2-
rue Obs I
wrong. - I On axis h
% 2 | ;\6
e Case Study: E2 (GeV)
o Move 20% of proton KE to neutrons but on-axis ND fit \ e
still works well x10 -
g . o | 28 m Off axis
o Clearly visible off axis T
o But not obvious how to handle it in a traditional =
analysis... L=Je
2
= o
k) I
c [
(r. MICHIGAN STATE £ O 7} 5
F (O] .
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Mock Data Spectrum

. s 15F
e If we had trusted the on axis g "L
near detector constraint: > | —— Fardetector data’
.. () L -
o  We would make a poor prediction e i
. o o P
of the data, even with the correct : = -
oscillation hypothesis. s . L -
— B - e Far detector MC Prediction
o -
B T s
:,-o-: .:h-"::: :=.=--° T
: 1 1 | 1 1 | 1 1 1 | 1 1
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ERec. proxy (GEV)
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Mock Data Spectrum

e |f we had trusted the on axis

near detector constraint:

o  We would make a poor prediction
of the data, even with the correct
oscillation hypothesis.

o Would have extracted biased
results, well outside quoted
error estimates.

ﬁ MICHIGAN STATE

2.36

[ sin?20,, = 0.088 unconstrained
- 90% C.L. (2d.o.f.)

llllllllllllllllllllllllll

x

On-axis Only Example:

Shifted visible energy
"True" Value

L. Pickering 127
[
[ DUNE Sensitivity B 7 years (staged)
L All Systematics 10 yoars (siaged)
B 15 years (staged)
[ Normal Ordering = Nominal Fit

035 04 045 0.5

in2
sin“0,,

0.55 0.6

0.65
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Mock Data Spectrum

[T
2 54— DUNE Sensitivity B 7 years (staged)
. - . 10 years (staged)
e If we had trusted the on axis 252:_:" SVSI‘;"‘:‘"_’S 15 yours staged
. > «94I™ Normal Ordering Nominal Fit
near deteCtor constraint: L sin?20,, = 0.088 unconstrained On-axis Only Example:
o  We would make a poor prediction 2'5:-90% C.L (2d.of) Shifted visible energy
of the data, even with the correct o~ 2.48F T —"
oscillation hypothesis. = -
o Would have extracted biased N: 2'46:' )
results, well outside quoted error &:: 2.44f-
estimates. € )
3 2.42F
e \What about if we ask PRISM? 5 af
2.38F
2.36 I I I I I
r' MICHIGAN STATE 035 04 045 05 055 06 065
R UNIVERSITY sin%e,,



PRISM Prediction
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e |f we had trusted the on axis

near detector constraint:

o  We would make a poor prediction
of the data, even with the correct
oscillation hypothesis.

o Would have extracted biased
results, well outside quoted error
estimates.

e \What about if we ask PRISM?
o The direct extrapolation of near
detector data largely side-steps

the modelling problem!

" MICHIGAN STATE
UNIVERSITY

VI/,

Event rate 10° /GeV /Year

=
[

——e—— Far detector 'data’

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

v,

% PRISM Prediction + stat. err.
7

- Near detector 'data’-driven

Far detector Flux correction

Far detector NC+WSB correction

E

(GeV)

Rec. proxy
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p R I S M p red iCtio n Traditional analysis PRISM

5 30p =
e What might have been the i PDG 30 Eyror
. 15— - >
best fit? F
o In this case, the traditional 5_ True
analysis would be badly biased. ;H‘.’.a.l.t.‘?‘ N

g 35 24 2.45 25 2.55 2.6 2 6|5Am§2| eZV7
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pRISM Prediction Traditional analysis PRISM
— v, 300 —
e \What might have been the i3 PDG 30 Error
. 15— =7
best fit? F
o In this case, the traditional | True
analysis would be badly biased. - value ,
g.Sé = I2{4I I I‘24‘15 I I2.I5‘ a é|55‘ = ‘2.‘6‘ = I2(|35I = ‘2‘7X1O
. . |am,| ev
e Oscillation parameters were -
varied to make up for a 5 0 » FD data
: ! 3 35E - Trad. analysis Min X 2
mismodelling. AN PRISM Min X 2
_ - FD MC True Osc
e For this study, PRISM showed g2 [
no such bias. SR oy,
i N R S BN
= MICHIGAN STATE R e e
B UNTVERSITY T T
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DUNE-PRISM Summary

e PRISM is now part of the DUNE
reference design.

e A mobile near detector renders
mis-modelling much easier to
identify

=
ol

e The novel PRISM analysis uses an
extra degree of freedom and uses
It to build a robust oscillation
analysis, largely free of interaction
model dependence

——=e—— Far detector 'data’

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

7

% PRISM Prediction + stat. er.
7

- Near detector ‘data’-driven

Far detector Flux correction

Far detector NC+WSB correction

Event rate 10° /GeV /Year

&2’ MICHIGAN STATE 05 LS
UNIVERSITY £ (Gev)

'VI/,
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Thanks for listening

PRISM
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The Old Plan

Firstly, the 'true' MC stats

error.

o l.e.what | have been showing
as the 'error' on the PRISM FD
prediction.

Comes from the actual

simulated MC exposure.
o Equivalent to 0.82 years with a
(now known to be)
sub-optimal exposure plan.

r‘ MICHIGAN STATE
UNIVERSITY
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—— FDMC

—— PRISM Prediction
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o ey
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The Best Plan? s ¢
L 450 +
— w e '
400 +
e Now, set ND errors to be sqgrt(predicted =0 | — Flat Plan
rate). 005 74 ~ CDR Plan
o 250
e CDRrun plan, with 3.5 years POT b Y
= +
e \Very hard to see, but the CDR plan s e "
C + +
. . C + } I R
predicts slightly worse errors than a flat 1o, 4 .
50— ! T T
plan' B \H \ \ ol [
. 0_\\\|\\\|\\\\\\\\\\\\I\\\I\I\I\I\\\I\\\I\
o Haven't looked in to why, but now have the ¢t 23 s T oy B, Gew)
| o 1.8
tools! Liquid | Gas g
All int. Selec . : 'é =
Stop Run duration | N, CC NSel ) SpeCIaI B 1.4
On axis (293 kA) | 2L wks. | 21.9M | 102M | 0. » E
On axis (280 kA) | 1 wk. M | 470000 | o HC TUN "
4 m off axis 18 dys. 2.3M 1.2M | 0. POT =
8 m off axis 18 dys. 1.3M | 670,000 | 0.070 | U.Y70 N o.si
12 m off axis 18 dys. 660,000 | 340,000 | 0.8% | 0.7% | 18,00 F
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 r
24 m off axis 18 dys. 160,000 | 76,000 | 1.8% | 0.7% | 4,200 r
G MICHIGAN ST.| 28 m off axis 18 dys. | 110,000 | 50,000 | 2.1% | 0.8% | 2,900
’ UNIVERS.!I 32 m off axis 18 dys. 61,000 | 28,000 | 2.4% | 0.7% | 1,600 0 .(\).."S\H"1\0‘..,1J5H“2\0\\\‘2\5“..3\0”‘
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Pre-emptive Answers to Questions
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?

Try it yourself!
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Does it work everywhere?  Iwitvourser
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Does it work everywhere?
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Try it yourself!
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Does it work everywhere?  Iwitvourser
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Narrow-band fluxes

e Also of interest to construct
narrow band flux
Mmeasurements.

r‘i MICHIGAN STATE

N8V
P
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x10~8
4{ — Gaussian  Fluxes up to 33m
- - Best matc
=
<2
e
= \
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10° ND Events/1 GeV

True Energy (GeV)
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Narrow-band fluxes 10

4{ — Gaussian  Fluxes up to 33m
e Also of interest to construct fine -~ Best matchy,

band flux measurements.

E. Smith, NOVA, NUFACT2019
——— ND data

Base Simulation

Data-Driven Prediction _ 2

FD Events/1 GeV

1 l\llllllllllll

Lil llllllllllllll

True Energy (GeV)

III\I iF; I\IIIIIIIIIIII
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2 3 F i
E 1\

E i - - < N
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E C
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https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
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Examples of OA: ,I_Z/K\

— =
o V-mode
§ 2500 [— Phys. Rev. D 96, 092006 —4-pata 3
s E € [ v CCQE 3
8 w0 - vcczpan 7
5 - v CCResin
§ " F @lvcccohin
“ B [@vccoter 3
E v NCmodes 7
500 = . V modes 4
g 12 =
) S, :
s 09 DA =
S 08 = b

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructed muon momentum (MeV/c)

e Wiggle model parameters at the ND

A

r MICHIGAN STATE NI VE
UNIVERSITY P



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.092006
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Examples of OA: 12K

| —
v-mode
2 .0 |- Phys. Rev. D 96, 092006 4 paa 3
s = Bl v CCQE 3
% 000 [— [Jvcc2p2n g
3 E v CcCResin 7
= 1500 |— -
2 o v CcCCohin
o F v ccother 3
- - v NC modes
500 L= - V modes o
5 0 =
= b
Z R R S ]
< 10 o area - —

= 09 -
3 08 = -

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed muon momentum (MeV/c)

e Wiggle model parameters at the ND

A

r MICHIGAN STATE NP VE

UNIVERSITY


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.092006
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Examples of OA: ,I_Z,/K\

Phys. Rev. D 91, 072010

I 1Ly e e B B e

A
!

v-mode
»0 - Phys. Rev. D 96, 092006 4 pa
- [l v CCQE

[Jvcc2p-2h
v cCRes In
[l v CC Coh In
= v cC Other
-v NC modes

- V modes

—_
o

Eoon without ND280 |
i constraint ]

with ND280
constraint

Events/(100 MeV/c)

IIII|III||IIII]II

LI b bevna dvnadbornady

Ll P~
10 E2=—e oo t4=t—p—0— -

09 — -t
08 = —
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 0.5 1 15 2 25

Expected # of v, events per bin

S = N W A N9 0 O
[ T

Data / Sim.

Reconstructed muon momentum (MeV/c) E:,ec (GeV)

e Wiggle model parameters at the ND
e Get correlated flux/xsec uncertainties
e Make predictions at the FD

r' MICHIGAN STATE N VE
UNIVERSITY P M


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.092006
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Examples of OA: 12K
°
==
. Phys. Rev. D 91, 072010
~ A e ———————
2 »n - Phys. Rev. D 96, 092006 4 pan - o £ ' f \ 1w“houlNL280 ; . Phys. Rev. D 91, 072010
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e
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H - —— NOvA — - MINOS 2014
e Wiggle model parameters at the ND a0l - T2K 2018 . IceCube 2018 | _
| -- sk2018
e GCet correlated flux/xsec uncertainties 3 [ " il
. . lo -t -
e Make predictions at the FD 2
. . NE(")
e Infer oscillation parameters <
g

S
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MICHIGAN STATE
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.151803
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Examples of OA: 12K

A

Events/(100 MeV/c)

Data / Sim.

==
— Phys. Rev. D 91, 072010
i ) o o o e e IBLANLANL A e e e e o e 1
«» & Phys. Rev. D 96, 092006 rr— 3 T T T T T T _ . Phys. Rev. D 91, 072010
E BvCcE - g °F [ Juimenzso 3 8 10E
000 E— v cc2p-2n ; §_ l:”;;';?i.ﬁﬁ*" S E
1500 |— m* i (- t*
i P X
° . . *k
One Line: Tunes model to ND, assumes it is correct at FD
° o
[ '-. .
® *Two line: The T2K MaCh3 Analysis performs a simultaneous ND+FD fit ":! :
— = — — Ly
. ° e [} ol SIS e ] _ 55 iR |
¢ Infer oscillation parameters < [ N = A
MICHIGAN STATE 20/~ * Best i L ths OF:ev Lett. 102: 151803 -
UNIVERSITY ' sin%e ‘


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.151803
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Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)
-]

NO~o\
[

3 3 E. Smith, NOVA, NUFACT2019

" 3 — ND data

—— Base Simulation

10° ND Events/1 GeV

1. Measure observed event rate at the near detector


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
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Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)
-]

E. Smith, NOVA, NUFACT2019
—— ND data

—— Base Simulation

10° ND Events/1 GeV

True Energy (GeV)

Illll

0 1 2 3 4 [
ND Reco Energy (GeV) 10° ND Events

1. Measure observed event rate at the near detector
2. Use MC to predict true event rate at the near detector


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

@ L. Pickering 155
Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)

N O~
> E. Smith, NOVA, NUFACT2019 =
- —— ND data
§ —— Base Simulation
m% —— Data-Driven Prediction

0 1 2 3 4
ND Reco Energy (GeV) 10° ND Events 10 F/N Ratio FD Events

1. Measure observed event rate at the near detector
2. Use MC to predict true event rate at the near detector


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

AN O~

@ L. Pickering 156
Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)
-]

==

E. Smith, NOVA, NUFACT2019

E >
= — ND data 38
£ —— Base Simulation £
>
2 —— Data-Driven Prediction . E
o
> ] N s
[0) - - Q
8 E e
5 = 3 &
2 3 J 2
w - ] w
g = E
£ E =
- 12

0 1 2 3 4 [ 00 1 2 3 4
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v, FD Events FD Reco Energy (GeV)

1. Measure observed event rate at the near detector
2. Use MC to predict true event rate at the near detector

4. Use MC to predict observed event rate at the far detector


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
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Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)
-]

E. Smith, NOVA, NUFACT2019

g — ND data %

§ — Base Simulation %

2 —— Data-Driven Prediction a

"ND hecozEneigy (éeV)- 10° ND Events 10° F/N Ratio Pv,—v, ’ FD Events "D hecozEne?gy (éeV)
1. Measure observed event rate at the near dete  romaneacysonc _
2. Use MCto predict true event rate at the near _*T s 20_?,8,.-_;\ ]
> -
4. Use MC to predict observed event rate at the w29
° ° <
5. Infer oscillation parameters
20— *



https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.151803
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Exa m p I e Of OA: *WSB: Wrong Sign Background (nubar in nu-mode)
-]

N O~
_— = E. Smith, NOvA, NUFACT2019 - 3. .
= | 7 E —— ND data 3 ERE
§ E /ﬁl E —— Base Simulation E }.I:I:L‘ _;M,%
—b = ——lata-Driven Prediction S E P
S
(0] 4
D
AO~vA S o
(o}
C
° L
: One Line: Extrapolates ND data by 2
2' assuming model prediction for B, .+
' to EY_ relationship. s ]
True "
ND Reco Energy (GeV)
E T \/¢ — “/)
5. Infer oscillation parameters [ e e
B Bl | | thsFlzeLett 1213 151803

0.4 ‘ 0.5 0.6


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.151803
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Expected Questions
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e How do you do an appearance analysis...?

- /@(T\\ -
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FiXi n g fo r a n a p pea ra n Ce 10-15 FD Oscillated Flux

3 41 FD v, — v,
e Forappearance, cannot ) NP Fhwc Mateh
H
match NDv_= FDv_ N FD v, v,
e |nstead: o.:al_
o UseNDv sample g
. n £ , . .
o Build appeared FD v_ flux 0 2 1 6 8 10
E, [GeV]
1(?—10
—— FDv, = v

/\\\’ Off-axis Only

FD v -v_
|

A

—mmmmm -

POT per GeV]
w
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20% 1
10% 4
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ft—

|
|

=0
cm © per
—

@

)
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Fixing for an appearance
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10-15 FD Oscillated Flux
— =
é 41 FD v, = v,
e Forappearance, cannot 8 N D Hlu Match
3
match NDv_ = FD v_ 5 FD v, v,
e Instead: '
o UseND v, sample g
o Build appeared FD v_ flux - 0 2 4 6 8 10
| AN PN Vi
e Have to correct for _agw
{: 41 é_ —— FDv, = v i
electron/muon S 4 FaaN s atr
. & 3\ i
reconstruction & . [\ h/ \FD VoVe |
2 l
cross-section differences. s : h\v | / \| |
8 o+ ]
] : |
- 20% 1 i
Y 10% 1 )
g5 0%+ :
& -10% /4 !
=17 -20% 44 i )
0 2 4 6 8 10

E, [GeV]
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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




L. Pickering 163

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

E MICHIGAN STATE DUNE Preliminary

UNIVERSITY 0 1 2 3 4 5 6 7 8 EV(Ge\;)O
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Expected Questions
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e Can you build any other interesting fluxes?

- /C(\\\ -
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Expected Questions
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e The ND and FD are functionally un-identical though...

[

- /C(\\\ -
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Near/Far Differences

[

e Must correct for differences in
ND/FD selection.

e \Want to avoid asking the
simulation everywhere possible.
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Near/Far Differences  “ muons

e Must correct for differences in :z
ND/FD selection.

e \Want to avoid asking the £V a7
simulation everywhere possible.

e An idea: develop data-driven '
geometric efficiency correction \\

o How often would | have selected this
energy deposit under relevant

symmetry transformations




Near/Far Differences

e Must correct for differences in
ND/FD selection.

e \Want to avoid asking the
simulation everywhere possible.

e An idea: develop data-driven

geometric efficiency correction
o How often would | have selected this
energy deposit under symmetry
transformations

e Which events do | select at the
FD and never see at the ND?

- 500 20
= a0of 180

300F 16¢™
200F 14¢
100F 120
o 10¢
~100F 80
~200F 60
~300F 40
~400F 20

~500Z o

2500
2000

1500
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-500T
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500
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00 -100 0 100 200 300 400 500 600 700
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Near/Far Differences

Must correct for differences in
ND/FD selection.

Want to avoid asking the
simulation everywhere possible.

An idea: develop data-driven

geometric efficiency correction
o How often would | have selected this
energy deposit under symmetry
transformations

Which events do | select at the
FD and never see at the ND?

Also have to account for
resolution difference ND/FD.

- 500 20
= a0of 180

300F 16¢™
200F 14¢
100F 12¢
o 10¢
~100F 80
~200F 60
~300F 40
~400F 20

~500Z o

2500
2000

1500
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-500T

500
-2

[ERE FRRTE SRRT SRNWI RRURE FRRT SURT ARNTI ARARE AN
00 -100 0 100 200 300 400 500 600 700
z [cm)
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Expected Questions
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e Right, but do the flux uncertainties still cancel?

NBeVE



Difference

(Py — @N)/PFD

Flux Uncertainties
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£0.10-

0.05+
0.00+

—0.05 1

Study how flux errors affect the flux matching:
o Determine flux match coefficients for nominal prediction
o Apply the same coefficients to systematically varied

ND/FD predictions.
Here: hadron production uncertainties:

o e.g.two specific systematic universes
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0.00+

ND
FD
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Flux Uncertainties

L. Pickering 172

[T
e Study how flux errors affect the flux matching:
o Determine flux match coefficients for nominal prediction
o Apply the same coefficients to systematically varied
ND/FD predictions.
e Here: 100 universes used in the TDR analysis
Q: PPFX Throw Fit Mismatch
& 10% {1
© :
| 1
S
2. |
¢ |
;" -10% 11
MICHIGAN STATE £ § =@ i 6 AT
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Flux Uncertainties

173

e Study how flux errors affect the flux matching:
o Determine flux match coefficients for nominal prediction

o Apply the same coefficients to systematically varied
ND/FD predictions.

e Here: 100 universes used in the TDR analysis
o Cancellations down to a few percent still observed!

\ PPFX Throw Fit Mismatch

& 10% 1

S 5ol

& i

| |

Be 0%14

& !

| !

& 5%

P !

;' -10% - i
MICHIGAN STATE L 0 2 1 6 8 10
UNIVERSITY Ey [GeV]
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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
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Expected Questions

—] =

e Flux fit correction seems a bit large dunnit?

e You've only shown one set of oscillation parameters, does it work
over the whole allowed space?

e How do you do an appearance analysis...?

e Can you build any other interesting fluxes?

e The ND and FD are functionally un-identical though...

e Right, but do the flux uncertainties still cancel?

@ MICHIGAN STATE D= /(‘ =
R *
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Expected Questions
e Flux fit correction seems a bit large dunnit?
MICHIGAN STATE Nt VE
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Flux Misfit Correction

£ _ I 20% Missing Proton Energy
- z d00¢ ND extrapolated data ]
. 5 : FD flux correction :
e Elephantinthe room 5 400F ED NC backeround ]

i FD W.S. background _
300 — FD prediction (Nom) ]
Far detector data

200}
100}
%2 3 4 s 6 7 8.9 10
Evec. TOXY (GCV)
(‘ MICHIGAN STATE »ER(VE



Flux Misfit Correction

—

e Elephantin the room

Events / bin

L. Pickering

178

20% Missing Proton Energy
mamm ND extrapolated data
FD flux correction
mmmm FD NC background
FD W.S. background
—— FD prediction (Nom)
——— Far detector data

0 1 3 5 6 7 8 9 10
EV ec. Proxy (GeV)
|
M VE.
P M
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Expected Questions

—] =

e You've only shown one set of oscillation parameters, does it work

over the whole allowed space?

ﬁ MICHIGAN STATE == /((\ =
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Remaining complications

—] [

e Almost there, but we still have to deal with:

o Matching FD v_appearance spectrum
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Fixing for an appearance

— 10-15 FD Oscillated Flux
?_1 FD v, — v,
e [ora ppearance, cannot 2, ND Fhoe Mateh
H
_)
match NDv_= FD v FD vy,
e e g
e [nstead: 1]
o UseNDv, sample =, , , |
. 0 2 1 6 8 10
o Build appeared FD v_ flux E, [GeV]
1019

;; 4 - E —— FDv, = v i

(;J: g E- /\ \\’ Off-axis Only i

= [\ / FDwv -v |

a 21 q f n e i

o‘]& ! QV \\ / \ __;

& 01— = :

= ! !

S~ 20%‘ ; 1

&g 10% |

S 0% :

VS -10% 17+ :

=1 0% 11 !

ﬁ MICHIGAN STATE 0 2 4 6 8 10
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Fixing for an appearance

- _ 10-15 FD Oscillated Flu);D
é 41 . Vy — Yy
e For appearance, cannot B, N Pl Hateh
H
match ND v_ = FD v FD v, v,
e e g“
e [nstead: 1]
o UseND v, sample 50 : \ ,
i 8
o Build appeared FD v_ flux ’ ‘5 [c;mb .
e More in a few slides... g
': 4- é_ —— FDv, = v i
(é . /\ \\ Off-axis Only E
& 39 ; i
. [\: FD v »v |
g 21 n n e i
Ao M E / N i
£ ol v 3
= : i
= 20% A i :
g 10% 1 i
E § 0% } :
A8 -10% 14 |
=1 20% - '

ﬁ MICHIGAN STATE 0 2 4 6 8 10
UNIVERSITY E, [GeV]
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Remaining complications

—] [

e Almost there, but we still have to deal with:

o ND and FD backgrounds

o ND/FD selection and reconstruction differences



Remaining complications

|
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[
P =T | am "d " L] ’ ’ ><106g
e So far we have just been talking about £ 307 'ﬁ-";-_‘._:_‘ct:ee;’f:t[) 06 5
sighal, and assuming ND and FD are g . ¥ B . 04 &
. . . & F T L. R
functionally identical. 2 AT 2
e Extra steps needed: g 10 i 02 3
o Subtract ND backgrounds ol ; e
o Add FD backgrounds 0 2 4 6 ERe§ © Vl)O
(3
o ND/FD efficiency differences '
o ND/FD reconstruction differences. - — _ ><106,:
Li/ 30 ". - Wrong 0.2 é
2 2. sign event |l 52
g 20f . .4 FrateatND: 3
2 . ) 0.1 A
E 10} E i R ;
S . 0.053
.-l:-_-_ - |90]
o 2 d 6 0 0




Remaining complications
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[T
P =T | (- L] . j ><106g
e So far we have just been talking about £ 30; R, NCevent | 106 5
. . 5 L 'E;.."ra_\t? at ND 2
sighal, and assuming ND and FD are g 5 EERes Yl 8
. . . & L T HE
functionally identical. 2 REL 9
< " aan )
e Extra steps needed: g 10 ol 02 3
o Subtract ND backgrounds ol ; e
o Add FD backgrounds 0 2 4 6 ERC§ G Vl)O
(3

o ND/FD efficiency differences '

o ND/FD reconstruction differences. _ — _ ><106:
g/ 30_ h ] . rong 0.2 5
= TR >
2 7 signevent| |52
g 20 . ..« rateat ND- L%)
2 o ) 0.1 82
é 1ol ..-.-". ..|:. i g
o _'_-_i_- . 0.053

o 2 d 6 0 0
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Join DUNE-PRISM!

e Lots of simulation and analysis investigations still to do

e |Ifyou are:

Interested in the technique,

you can think of other ways of using off axis fluxes,
or just want to ask more questions

Or have great ideas for a logo...

e GCetin touch!

0O O O O

K. Mahn

L. Pickering G. Yang D. Douglas C. Vilela T. Lord M. Wilking
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Examples of OA: = V=TDR

—
>
6 ® DUNE v, Appearance = 800 -
X1 0 (0] 160! Normal Ordering 8 E DUNE Yy Disappearance
= [ 2 S¢p = 0, sin20,, = 0.088 w 700E- sin%,, = 0.580
@) = sin®,, = 0.580 N r Am2, =2.451 x 107 eV?
2 140 S s o
D_ . > 3.5 years (staged) - F 3.5 years (staged)
Q. —4— Signal (v, + v,) CC @ 600 g "
(<% L —— Signal v, CC
gy F 2 120 S Beam (v, + v,) CC w F mmv.cCc
S 0.4 g — A § soof Ne
=5 . (Vy + V. - -
© L N D H 100 (vi+ vy CC & F - . v Co
~— o o+ Vi
P% L 80 400 :
N F 3
02 —> 60 300F
N o -
~ 7 * 40 200:
Q :
- |-
o 20 100
E 0 [ 1 J » D F
2 2 ol i . B 0 rirn : ::Im
[} 1 2 3 4 5 6 7 8 L L A
> 0 2 4 De 6 Reconstructed Energy (GeV) Reconstructed Energy (GeV)
w Ene (GeV
Rec. ( e )

e Wiggle systematics at ND and
FD simultaneously

r‘ MICHIGAN STATE I VE
UNIVERSITY p



Examples of OA:
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\\\“ r
R

x10°

0.4_— N D

0.2- * >

o~ 2 4 s
Err (GeV)

Rec.

Event rate / (1.1x10%72) POT

Wiggle systematics at ND and
FD simultaneously
Search for best fit oscillation
parameter values

MICHIGAN STATE
UNIVERSITY

—
> DUNE v, Appearance > 800
8 160 Normal Ordering 8 E DUNE v, Disappearance
3. 86p =0, sin’20,, = 0.088 w0 700F sin0,, = 0.580
S 140 3"5‘ 0,4 = o(.seo o g r Am2, =2.451 x 107 eV?
5 .5 years (stage - r
g —— Signal (v, + v,) CC 2 600 izesair:ntltavgegé
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Examples of OA: (V=TDR

1

DUNE v, Appearance
Normal Ordering

8¢p =0, sin’20,, = 0.088
sin6,, = 0.580

3.5 years (staged)

DUNE Yy Disappearance
sin%0,, = 0.580

Am2, =2.451 x 107 eV?
3.5 years (staged)

“
O

vents per 0.25 GeV
b a4 o oo
n B
(=] (=]
H
+ 3_
S
(]
(]
33

[
O

One Line: Similar to T2K, simultaneous ND and FD
. —

|(staged)
(staged)
F (staged)

parameter values 0.085
0.08

UNIVERSITY $075 —0.8—0.6—0.4—0.25&7‘ 02 04 06 0.8 1
Cl
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Examples of OA: (V=TDR

1

DUNE v, Appearance

Normal Ordering

8¢p =0, sin’20,, = 0.088

sin6,, = 0.580

3.5 years (staged)

—4— Signal (v, + v,) CC

R Beam (v, + v,) CC
NC

|
- (v, +v,) CC

DUNE Yy Disappearance
sin%0,, = 0.580

Am2, =2.451 x 107 eV?
3.5 years (staged)

“
O

vents per 0.25 GeV
< E’l ; -
(=] (=]

[
O

N

One Line: Similar to T2K, simultaneous ND and FD |
e V| Jazz hands OA! J—

| (staged)
F (staged)

parameter values 0.085
0.08

r‘i MICHIGAN STATE

UNIVERSITY 0.075 208060402 0 0.2 0.4 06 0.8 1

Scp/n
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Parent Species Off axis.
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Concrete Example: NOVA

- [
Nnear (Xobs) — /dxtrue Pnear (Xobs |Xtrue2 Ntargg (Xtrue) P (El/)
‘ r SmearingTEff., Pur. Nint &true)

targU (Xtrue) q) (EI/) Posc (Eu)

7

Nfar (Xob\) — /dxtrue far (Xobs|xtrue)

Smearing, E ur. Nrsg (Xewiia)

> = =
8 °F - 4« 3
- k ND data s E S
2 °F = -® =
[ - . . = H

I —— Base Simulation 3 E-
1 o u ] g
2 .k Data-Driven Prediction . -2
‘©

s dE = : i s
[} — - B — —] [}
s 'k E 3 3 1 8
5 of- HF E - o 15
e E E " 2
w - e | —] = — w
o - - ©
> 3 = 2
- L E 3 = = 4,

111111 = 2 3

112 0 1 4
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,~v,) FD Events FD Reco Energy (GeV)

g MICHIGAN STATE E. Smith, NOVA, NUFACT2019 Y Poa— /((\\
UNIVERSITY P
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Concrete Example: NOVA

— =
Nnear (Xobs) = /dxtrue Dnear (Xobs|xtrue) Ntarga (Xtrue) ® (El/)
| ~~ - \\ ~~ vy
Smearing, Eff., Pur. Nint (Xtrue)
Nfar (Xobs)i@[)far (Xobs|xtrue) Ntargg (Xtrue) ® (EI/) Posc (Eu)
N 7 No =4
TV
aring, Eﬁ\\Pur. \/’
g 3 : —— ND data : %
§ _ _ —— Base Simulation _ %
2 .F = Data-Driven Prediction 3- g
e s 1 C
ND Reco Energy (GeV) i 10° ND Events 10° F/N Ratio - Pv—v,) - FD Events " FD Reco Energy (GeV)
1 . 2 —— z \\\
fa. MICHIGAN STATE E. Smith. NOVA, NUFACT2019 h (4 =

UNIVERSITY


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

L. Pickering 194

Concrete Example: NOVA

—] =

e |f the models predicting Observable » True mappings
are wrong then it is likely that inferred oscillation
parameter constraints will also be wrong.

e .. Sowe needthem to be right!

> E 3 3 Neutrino Beam
& °F = - ER 7
- E A ] —— ND data i o u T |
2 °F E . . = d~ - FD MC
S E E —— Base Simulation 3 4.8 - F
C 3] ] S O — —
s ] i - E - —All
S .F 3 Data-Driven Prediction = 40 8 F
=N = ] L g
TOE 5 - - F E [—MEC ]
s E E - AF E < 8 L
5 ‘E E JE E (3 = = R [ —QE
55; = El= 1E 1E 9; g
o s —F —F —F — - > — —
s E|S |3 |2 : 378 £ [ —Res
s :E HF 4 = = O =T
e E E|? E|: E|s 2 12 < F—os .
1 2 3 4 112 [ 1 2 3 4 C
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v,) FD Events FD Reco Energy (GeV)

B _%aeco- Tue)/Trug o
r MICHIGAN STATE E. Smith. NOVA, NUFACT2019 J. Wolcott, NOVAT!%JFA@T‘ZO]S
UNIVERSITY
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Hand Picked Fake Data
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C. Vilela: DUNE Jan 2019

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  _ ... s 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

G VICCRERSEEhaTe

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.

:


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

-—

ﬁ MICHIGAN STATE
UNIVERSITY
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MO4R OBSERVABLES!

W
S
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MICHIGAN STATE

U

N

IVERSITY

-
e There are limits to this AN TRANSVERSE VARIABLES,
technique, but they're much o /\] RENHEIGHIED
further off than W%J |
multi-dimensional histogram Lale Wﬁxﬂx
reweighting. LA @ ) 3]
e [t's still reweighting, cannot i/ 2@ (\
change total phase space. A B = A & L
e Doesn't always produce a Lo A BAl b
consistent model, for medium I 1
sized sets, weights can be R N s SN FX} |
noisey. S e o ooyt

21
IB VE.
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Special Horn Current Runs

—- g D. Douglas, T. Lord
. . ‘f 1 i - —— Target Flux i
e Can make flux predictions under v j ; Off-axis Only |
. e 281 200 kA i
different beam conditions: S 5 y 2004 250KA
o eg.Varied horn currents 2 "\ | 2poka |
- g 303 kA !
‘5 ofglJ J ) N —
e Seemsto really change the game < L |
o= 20% 4T a2 i
in terms of reducing the need for SR | \ |
FD MC! et — | e R T s
0 2 4 6 8 10
. E, [GeV]
e Only need an on-axis sample:
minimal disruption of FD data
taking.
(‘ MICHIGAN STATE B VE
UNIVERSITY =
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Model-driven Extrapolation

—] =

e If modelisn’t correct:

o = Attribute data/MC discrepancy to the wrong energy range at the ND
o = Predict wrong FD spectrum

T2K\

Phys. Rev. D 91, 072010 As well as biases
in Am?, fits to the varied E}, simulated data sets also
showed biases in sin® f33 comparable to the total system-
atic uncertainty.



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010
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Model-driven Extrapolation

—

e |f modelisn't correct:
o = Attribute data/MC discrepancy to the wrong energy range at the ND
o = Predict wrong FD spectrum

e FErrorsin:
o Reconstructed energy

—— ND data
—— Base Simulation

True Energy (GeV)  10° ND Events/1 GeV

0 1 2 3 4
ND Reco Energy (GeV)

E. Smith, NOVA, NUFACT2019



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

—] =

e |f modelisn't correct:
o = Attribute data/MC discrepancy to the wrong energy range at the ND
o = Predict wrong FD spectrum

e FErrorsin:
O Reconstructed energy =

> ]
1] = 3
= —— ND data i o
z . . =
3 —— Base Simulation q. £
b >
(@) . . . =l w
= —— Data-Driven Prediction i PR
[T} . w
o
© — = - Q
8 S : 1 8
> 3 - 4. >
o — JF —: B
o} 3 1E J &
[ = - ol b= F -1 =4
w — |— — w
3 = IE 1 3
[ = — 4 F
0 1 2 3 4 0 0 = 112 00 1 2 3 4
ND Reco Energy (GeV) 10° ND Events 10 F/N Ratio P(v,—v,) FD Events FD Reco Energy (GeV)

E. Smith, NOVA, NUFACT2019
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