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My Background

e PhD On T2K At Imperial College London
e PDRA at Michigan State since July 2017

o 2K
m Neutrino Interactions Working Group Convener
o DUNE

m DUNE-PRISM working group convener
m A leader analyzer for the recent TDR oscillation sensitivity study
m Motivating DUNE beam neutrino flux uncertainties

o NUISANCE

m Lead developer of framework for comparing and tuning neutrino
Interaction generator predictions to published cross section data.
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This Talk

L. Pickering &

e Primer: Neutrino Oscillations

e State of the Nation: A T2K Perspective
e Introduction to DUNE

e The DUNE-PRISM Concept
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Big Picture Neutrino Questions
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What is the mass ordering of
the neutrino mass states?

What are the precise values of
the neutrino oscillation
parameters?

Is there significant CP
violation in the neutrino
sector?

Could neutrino sector CP
violation explain the
matter/anti-matter asymmetry?

PRISM
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Big Picture Neutrino Questions

Experiment
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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




Neutrino Oscillation: PMNS
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Neutrino Oscillation: PMNS

Flavor eigenstate defined by

paired charged lepton. ( \ I i ( \
Ve Uel U62 Ue3 131

1/\#>_ Uﬂl UHQ U#3 123

\VT) UTl U‘r2 UT3 \V3
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Neutrino Oscillation: PMNS

Journal of Physics G: Nuclear and Particle Physics. 43. 10.1088/0954-3899/43/8/084001
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Neutrino Oscillation: PMNS
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MpMmnNs

Pontecorvo-Maki-Nakagawa-Sakata

[
Journal of Physics G: Nuclear and Particle Physics. 43. 10.1088/0954-3899/43/8/084001
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Neutrino Oscillation: PMNS

[
Start with a beam of muon SR 1
neutrinos 305} ]
_ - 0
\ 0 0.5 1
E,(GeV)
Ve Uel Ue2 Ue3 141

[I/# ]: Uﬂl UHQ UH3 Vo

\ Vr U‘r 1 UT2 U‘r3 V3

N S

S
MpMmnNs

Pontecorvo-Maki-Nakagawa-Sakata



L. Pickering 18

Neutrino Oscillation: PMNS
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Neutrino Oscillation: PMNS

neutrinos

()

[

\"")

|

Start with a beam of muon E»:‘ Lr .
=05} ‘ ]
K
ji ( \ %0 0.5

1
E,(GeV)

Ui Us Us|lles Propagate as
superposition of
mass/energy

Un Usw Usll||re eigenstates.

Unn U Uss \Vs )

il g A\ y,
MpumnNs

Pontecorvo-Maki—-Nakagawa-Sakata

Later measure some
superposition of flavor states

o, (AU.)

1

L L =295 km

0 0.5
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Neutrino Oscillation: PMNS
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Re-parameterizing the PMNS

Ve 1 0 0 C13 0 813€_i60P C12 s12 0 1
Vn — 0 €23 S99 0 1 0 —S12 €12 0 ey
V+ 0 —8593 €93 —813615013 0 C13 0 0 1 V3

e Unitarity lets us re-parameterize PMNS matrix in terms of:
o Three mixing angles: Cij = cos(eu)
o CPviolating phase: 0<d_,<2x
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Re-parameterizing the PMNS

Vg 1 0 0 C13 0 813€_i50P C12 s12 0 1

VM = 0 €23 S99 0 1 0 —S12 €12 0 ey

V+ 0 — 593 ?23 —81361601D 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(GU.)
o CPviolating phase: 0<d_,<2x
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Oscillation Channels
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e Long baseline experiments study two oscillation channels:

Muon neutrino disappearance

\\// 7 p

Electron neutrino appearance

e = v, — Ve ;
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Oscillation Channels

Long baseline experiments study two oscillation channels:

Muon neutrino disappearance

1% 7 — Ve w " A




L. Pickering 25

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

-

[T
e Toleading order, muon Plv, »v,) ~1— 4cos? 013sin? 053
neutrino survival probability X oy o, Am2,L
depends on mixing angles, X [1 — cos® B13sin” B23] sin T
and mass-squared Splittings + (Solar’ matter effect terms)
1
5
1 0.8 Am?Z, =256 x107 eV? y
3 =295 km ]
= 0.6 ]
R
0.4
0.2
o WL |
0 0.5

E,(GeV)
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Muon Neutrino Disappearance
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[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)



Disappearing Act
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Disappearing Act

— T2K 2020 90% CL

i ——  |Am2,| = 2.6 x 10 36V? ;
T ——  |Am2,| = 2.48 x 10~36V? —
) I
& 0E |AmZ,| = 2.38 x 10736V -

2.3 |

| P R | |
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e Mass-squared splitting shifts
the ‘'dip’
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Oscillation Channels
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e Long baseline experiments study two oscillation channels:
Muon neutrino disappearance
nO o O g
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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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Electron Neutrino Appearance

—

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

2
(o) ©) ; . . o Amg, L
Py, = ve) ~ sin? 053sin? 265 sin? TESZ

. Am3, L .2 Amgz e m
KLLL 4E [OuwY 4E

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

~ T2K B.F. 2018, L=295 km, 6cp = 0
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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—

4F
(+)— [ sin 201 9sin 26023sin 26,3 cos 013

Am2, L Am?

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

~ T2K B.F. 2018, L=295 km, 6cp = 0
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Electron Neutrino Appearance
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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 | |
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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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Measuring Neutrino Oscillations

with T /Kj
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Measuring Neutrino Oscillations

—

==

Sample oscillated Produce

beam at Far Detector neutrino
beam

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m

1,700 m below sea level

Neutrino Beam

295 km
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Measuring Oscillation Parameters
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e Look for signature ‘oscillation’ shape in flux at the far detector

Am3,=7.37x10° eV sin’(0,,)=0.297 L=295 km
AmZ,=2.46x10° eV  sin*(6,,)=0.0214
sin%(0,,)=0.526 9.,=0

Unoscillated
Oscillated

® (Arbitrary Units)

e
3]
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Measuring Oscillation Parameters
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e Look for signature ‘oscillation’ shape in flux at the far detector

Am3,=7.37x10° eV sin’(0,,)=0.297 L=295 km
AmZ,=2.46x10° eV  sin*(6,,)=0.0214
sin%(0,,)=0.526 9.,=0

y Units)

Unoscillated
Oscillated
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Measuring Oscillation Parameters
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[

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

We cannot observe the neutrino flux, only the event rate

il

e
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Measuring Oscillation Parameters

—] =

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

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

i T\ m

o
i
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|
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Measuring Oscillations: Interactions

—] =

> q
~ O\ q} Hadron Shower

g
\i } Hadron Shower

q’

CC-Res

Single ® + Others...
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Measuring Oscillations: Interactions

—

v 0~

W=

> q
> \ q} Hadron Shower

g

,] Hadron Shower
q

CC-Res
Single =

N/

+ Others...

o(E ) 10 cm? /GeV /A

15

NEUT: Acta Phys.Polon. B40 (2009) 2477-2489

NEUT 5.3.6, v, '°O
- CC Incl— CC-QE—CC-RES 1 CC-DIS

I

AmZ,=7.37x10° eV  sin’(0,,)=0.297 L=295 km
AmZ,=2.46x10° eV  sin®(8,,)=0.0214
sin%(0,,)=0.526 9.,=0

|



http://th-www.if.uj.edu.pl/acta/vol40/abs/v40p2477.htm
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Measuring Oscillations: Interactions

[

-]
v \\/ & NEUT: Acta Phys.Polon. B40 (2009) 2477-2489
: NEUT 5.3.6, v, "°O NEUT 5.3.6. v "0
3.6, v,
----CC Incl— CC-QE— CC-RES 1t CC-DIS .CC Incl— CC-QE — CC-RES 1t CC-DIS
—~1.5
% - Am3,=7.37x10° eV sin’(0,,)=0.297 L=295 km f 15 AmZ,=7.37x10° eV sin’(0,,)=0.297 L=295 km
S [ Am3,=2.46x10°eV sin’(6,;)=0.0214 2 AmZ,=2.46x10" eV sin:(e13)=0.0214
2 r $in%(0,,)=0.526 3,=0 >y 8in"(0,5)=0.526  9p=0
8 1 £
2 5
£ [ 5
2 t -
>
$0.5 =
> )
w |
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Measuring Oscillation Parameters

—y

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

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

) o : NEUT 5.3.6, v, '°0
LdlC v i | ~CC Incl— CE-QE— CC-RES - CC-DIS

AM3,=7.37x10° eV sin’(0,,)=0.297 L=295 km
AmZ,=2.46x10" eV sin*(6,;)=0.0214
Sin%(0,,)=0.526 =0

-
(8,
T

=
5
I ‘\\
/ ~
\
\
Events (Arbitary Units)

05 1 15
= . E, (GeV)



Measuring Oscillation Parameters
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®

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

We cannot observe the neutrino flux, only the event rate

- 3.6,v, '°0
Ml cl— CC-QE— CC-RES 1 CC-DIS
.37x10° eV sin®(0,,)=0.297 L=295 km
.46x10° eV sin’(9,,)=0.0214
sin®(0,;)=0.526 .,=0
/‘ "'Iu’ ";\‘\~~
[l
i ‘77‘ Il H ‘F‘ ‘H 7‘ w‘

05

1.5
E, (GeV)
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Measuring Oscillation Parameters

48

e Look for signature ‘oscillation’ shape in flux at the far detector...
e \We cannot observe the neutrino flux, only the event rate

e We have to reconstruct the energy from observables

T A

[ N\
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Measuring Oscillation Parameters

—

e Look for signature ‘oscillation’ shape in flux at the far detector...
e \We cannot observe the neutrino flux, only the event rate

e We have to reconstruct the energy from observables

T
W
;ﬁ(\ @

o
o

WHHH T H | ] . 0. NEUT 5.3.6, RFG 1,C, CC-Total

Event rate (A.U
o
w

.
o

01 f




The T2K Oscillation Analysis
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FGDI’V” CCOn

-~ = T T T T T T T T T |
8 E —$-Data Bl v CCQE =
> 5000 — EBvCC2p2h [@MvCCReslt —]
] o iss @V CC Coh In [Jv CC Other ]
E 4000 — [Jv NCmodes [JV modes —
o - -
S F Near 1
:3000 — —]
z detector
= 2000 -
° data ]
= 1000 -

14 B —
B gt et e setestetese  n o 0 o B g BB o
Far4 08 [ i

0.6

T2K Preliminary

0 200 400 600 800 1000 1200 1400 1600 1800 2000

P, (MeV/c)
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The T2K Oscillation Analysis
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FGD1v, CCln

— T T T T T T T
L % Data Bl CCQE =
> 5000 — @lvCC2p2h  [@AvCCResln
@ iss @V CC Coh In [Jv CC Other ]
E 4000 — [Jv NCmodes [JV modes -
o -
= Near 1
=,3000 -
RN detector
= 2000 [ o 3

e . data
= 1000 °e
14 -
Hl gl b e setantetetet a0 0 B 5 B F o]
Far4 08 i
0.6 =
0 200 400 600 800 1000 1200 1400 1600 1800 2000

T2K Preliminary P, (MeV/c)

e Wiggle model parameters at the Near Detector




The T2K Oscillation Analysis
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Events/(100 MeV/c)

FGD1v, CCOx
T

T T T T 1) T
% Data Bl v CCQE .
v CC2p2h [@AVvCCReslt
@@V CCCohln [Jv CC Other ]
[OJv NC modes []V modes .

Near
detector
data

:...'.....o..........'.n...-.'....‘.l.]..'..-......A......!..l....o.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

T2K Preliminary pu (MeV/c)

Wiggle model parameters at the Near Detector

o Uses near detector data to constrain model parameters (flux, detector, cross section)
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The T2K Oscillation Analysis

FGD1v, CCOx c ikl
o - — F
& F ‘ I —:—D;ta ‘ -v CCIQE I E o 25 Fa r
> 5000 |— @lvCC2p2h  [@vCCResln ] £
) = @V CCCohtn [JvCCOther 7 8 b detector
2 4000 — [CJv NCmodes []V modes — % C
[—) - — > C
S F Near 1 @ b
3000 — = .
Z F detector ° g
= 2000 — - 1oF
S E data .
=) 1000 [ 5
1.4 G:I I [ Il] 1 ] Il Il Il Il
E 5 2
I i% [0 0.0q0ge0o0qe ®0p . 0. 0 -2 .. 85 8. .o § 18
Z 08 [ g 1%
06 = o ME ] [
0 200 400 600 800 1000 1200 1400 1600 Niso{] /2000 o 98 _,,k,.l—{-‘\.'ﬁﬁ %., i
i eV/c T 04
T2K Preliminary pu ( ) & 8_§ ;IiPFM esaritefe! l 'ﬁl'

0 02 04 06 08 1 12 14 16 18
Reconstructed Neutrino Energy [GeV]

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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The T2K Oscillation Analysis

[
FGD1v, CClx c FHC 1R
e T T T T T T T 3 I -3
@ E -3 Data Bl v CCQE 3 9 25F Far - 272107 e e T
> 5000 EEvCC2p2h  [@vCCResln £ r > E
@ g @~ CCCohin [JvCCOther 3 2 b detector 2 56k E
2 4000 [CJv NCmodes []V modes . % r 8 g
= E N 3 > F S 26 ,
[—} C ea r 7 Wl 15— = VL
3000 3 - = B E
ZF detector | ok £ 2s5F 3
= 2000 = c = c ]
S data : o 25 E
£ 1000 sE S : ]
c r T < 2451 ; =
14 G:I I [ H 1 I I I I I 1 I o 5 4; . + Bestfit 3
§Z§ i% %0 0-0q0geno0ge ®ha ..o 0. - 0..o H. K. .0 § }fg 3 ’ F— Normal ordering. . . 3 ; ZZZ: gt 3
3:2 = § 11‘2: : ‘l_ ] [ 2.35;— Inverted ordering N e 89.7% C.L. _;
0 200 400 600 800 1000 1200 1400 1600 1800 2000 o 05 Mﬁ %,, | .- | | | | | | | E
2K, Fplinnnacy p, (MeVic) 3 g _qu»mw l -ﬁ'l 83 035 04 045 05 055 06 065 07

o

0 02 04 06 08 1 12 14 16 18
Reconstructed Neutrino Energy [GeV]

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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The T2K Oscillation Analysis

[T
FGD1v, CClx c FHC 1R
) " sDpwa  mmvccee 4 8 ap Far -2
> 5000 @V CC2p2h  [EvCCResln £ > E
@ BV CCCohtn [JvCCOther ] L s0f detector L 9650 =
24000 [CJv NCmodes []V modes — % r ‘ J- 6\ F
2 r ke data ARy E
Aam)
Z
= 2000
4
£ 1000
14
v 12
i
0.6 o [ ] [ ] [ ] .
_ -4 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

—] [

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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Uncertain 'missing energy' for
INnteractions with bound nucleons.

MICHIGAN STATE

Uy Neutrino CCQE /-
W:l:
N
Nucleus
N/
)= VE.



An Example from ,I_Z/K\
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Uncertain 'missing energy' for
Interactions with bound nucleons.
More missing energy - less
visible lepton energy for the same
true neutrino energy.

[
Uy Neutrino CCQE /-
W:l:
N
Nucleus
N/
NP VE
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An Example from T2/K\

[T
e Uncertain 'missing energy' for vy, Neutrino CCQE
Interactions with bound nucleons.
e More missing energy > less W
visible lepton energy for the same N
true neutrino §n§rgy. Nucleus
e Incorrect prediction at far detector N’
induces significant biases in AmZ,
——— 0.003 ) f T —— 50% Confdnce Lew
18 E— ND Post-Fit 1o 3 Expe Cte d { o i: :nfldence Level
:j; 4_ : il;minal e senSitiVity —

0.0026 j * ;

0.0024

0.0022--Mis-modelled i
E missing energy
= 0.002 i i

evtet T 0.3 0.4 0.5 0.6 0.7

Events/50 MeV
2

ol e b b b b by L L L o1
UNIVERSITY % "6z 04 06 08 1 12z 14 16 18 2 sin2623

GeV

ﬁ MICHIGAN STATE



State of the Nation
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Neutrino Oscillation: Where are we now??

—] [

e Evidence for neutrino oscillation is
overwhelming: c.f. 2015 Nobel Prize
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Neutrino Oscillation: Where are we now??

[T
. _ S PDG 2020:
Evidence for neutrino oscillation is Neutrino Masses, Mixing, and Oscillations
S : sin?(f12) = 0.307 + 0.013

overwhelming: c.f. 2015 Nobel Prize Am3, = (753 + 0.18) x 10°5 eV

) .. sin%(fp3) = 0.547 + 0.021  (Inverted order)
We know: all mixing angles and sin?(fp3) = 0.545 + 0.021  (Normal order)
both mass-squared splittings # O. Am3, = (—2.54670030) x 1072 eV2  (Inverted order)

Am3, = (2.453 + 0.034) x 1073 eV2  (Normal order)
sin(f13) = (2.18 £ 0.07) x 1072
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Neutrino Oscillation: Where are we now??

Evidence for neutrino oscillationis 7777 T2K 2020 68% CL

overwhelming: c.f. 2015 Nobel Prize —— T2K 2020 90% CL

- & | NH
We know: all mixing angles and 0

both mass-squared splittings # O.

Search for CP violation in the 0 5

neutrino sector—i.e. measure 5_,
o Current generation experiments have 0.5 [
some sensitivity to o,
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Neutrino Oscillation: Where are we 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 Current generation experiments have
some sensitivity to 8, but disagree on
the value...

-------------- T2K 2020 68% CL
—— NOvA 2020 90% CL




o)e
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1: Where are we now?

0.6
Sil’l2 (923)

0.4 0.45 0.5 0.55

on is
Prize

nd

z 0.

e Search for CP violation in the
neutrino sector—i.e. measure 5_,

@)

Current generation experiments have

some sensitivity to &
the value...

Cp!

but disagree on

Most sensitivity when other parameters

are well known

-------------- T2K 2020 68% CL

—— NOvA 2020 90% CL

0.4 0.45 0.5 0.55 0.6



L. Pickering 68

1: Where are we now?

o 2.6_
% L
NE c? I
- 2 2.5 C
e EV N<]g 2al on.ls
oMV — Prize
2.3
o W :H..|....|....|..‘.|..']d
bC 0.4 0.45 0.5 0.55 0.6 + O
sin2(923)

e Search for CP violation in the

neutrino sector—i.e. measure 5_,

o Current generation experiments have
some sensitivity to & ., but disagree on
the value...

o Most sensitivity when other parameters
are well known

o Need new experiment for definitive
'five sigma’ result...

cp

-------------- T2K 2020 68% CL

—— NOvA 2020 90% CL

0.4 0.45 0.5 0.55 0.6
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The Deep Underground Neutrino
Experiment

MICHIGAN STATE I Ve
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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

/ ' .“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

/ ' .“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



L. Pickering 73

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

| |

Sanford
Underground Fermilab

Facility g

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
parames. 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 Far Detector e Near Detector e Neutrino beam

Sanford
Underground
Research
Facility

Fermilab

________
_ ==

T =
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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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M(VE.
L



Off Axis Fluxes

L. Pickering 83

MBS VE
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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

I|III||IIII|IIIIIIIII|II

sin’20,, = 1.0
Am2, =24 x10°eV?

: | |
t T t

(e

1 W OA0.0°
- % 0A20°
3 . NN 0A25°
3 X
= |
& _ 051 N
st
g L
j J-PARC neutrino flux
00 1 2 3

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 where
non-standard oscillations expected to be stronger.

L Second maximum

\[IIlIII

0.4 o
First maximum sin“20,, = 1.0

Am2, =24 x10°eV?

03 —
HiH OA 0.0°
0.2 % OA 2.0°
N 0A25°

o
=

O;°(E,) (107 fem?® /GeV /POT)

o

=

2 4 6 |
$¢\|r 2
ﬁ‘ E, (GeV)

|
m
@
®
S
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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 rate

4 | T L I L LB

[ — LBNF ]

L —— NuMI on-axis g LED ZEPPELIW

3- —— NuMI off-axis . WHOLE LOTTANumus
—— BNB

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 Near Detector

Sanford
Underground
Research
Facility

Fermilab

AL -o
L - ==
=
==



DUNE Near Detector Concept

L. Pickering 90

O

: LAr TPC

Primary target, similar to FD

7 Y
v _NDGAr S
: SAND b '
[~}
I (3]
= o
o‘
7l S 7 Ve
DUNE Preliminary NDGAr 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

L. Pickering 91

NDLAr: LAr TPC

O

Primary target, similar to FD

- GAr TPC + ECal +

Low mass magnet

O

O

Charge/momentum/PID
Low threshold neutrino
target

7 >
v 7 DLAr
. SAND o
“0
O )
o .“‘ o
. S
DUNE Preliminary NDLAr 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

L. Pickering 92

[
N\ '
ArgonCube: LAr TPC v %NDGN D ‘FU-— i
o Primary target, similar to FD — o e
8 54 gy
MPD: CAr TPC + ECal + i
O, (+]
Low mass magnet F
o Charge/momentum/PID ) o ‘
o Low threshold neutrino
target / 19
. vug P4 7
: 3D plastic
scintillator detector inside  ;,ue pretiminary NDLAr EV NDGAr EV
a superconducting All int. Selected All int.
solenoid: Run duration | Nv,CC NSel WSB | NC | Ny,CC
o Bearm monitor 1/2 yr. 25.5M | 11.3M | 0.2% | 1.4% | 680,000

o Neutrino interaction physics
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The Deep Underground Neutrino Experiment

| (===

e Far Detector

Sanford
Underground
Research
Facility

Fermilab

AL -o
L - ==
=
==



Far Detector

SURF underground L. Pickering 94

4x10 KT LAr TPCs

facilities

R. Patterson FNAL, JETP

Y PRISM



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

Far Detector

SURF underground
facilities ¢

4x S:

o Unprecedented FD event resolution

v, CC (E,=3.1GeV)

L///

<

suonenuIs

0 S ~
%
T

Surviving v,

i
ea
E
I
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R. Patterson ENAL, JETP

7P :M\


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

Far Detector

SURF underground
facilities ¢

® 4X

S.
o Unprecedented FD event resolution

v, CC (E,=3.1GeV)

suonenuIs

i
ea
E
I
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R. Patterson ENAL, JETP

7P :M\


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

SURF underground - Pickering 97

Far Detector facilities 3,

* Ny 2

o 4X S: 3
o Unprecedented FD event resolution | N o
© z 5 ( g < "R > -y
v, CC (E\,f3-1 GeV) u ; v, CC (E,=3.1GeV) .- “ B ‘ ; 3 5 |
g ’,"’_’_ :" \ e 4~’1 ‘ <& i
Vo oemmaeit L2 |

Appeared v,

R. Patterson ENAL, JETP

£ MICHIGAN STATE ) VE_
R UNIVERSITY P M\



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 (£,=3.1GeV) 7

Surviving v,

3
©
=]
=)

DUNE v, Disappearance
sin,, = 0.580

S

Qv 700

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

[

2 600 —— Signal v, CC

2 v, cc

B [0 NC

2 500 (1, + V) CC

(v. + ¥) CC

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

v, CC (E,=3.1GeV)

_ -
- \
- \
e Ve
e -
f;p‘-w'a""{d»‘f_-__——-

Appeared v,

Events per 0.25 GeV

py

-

-

py

2

N DUNE v, Appearance
60 Normal Ordering

[ 3cp =0, sin’20,, = 0.088

L 12
a0 sin“e,; = 0.580

L 3.5 years (staged)

5 —— Signal (v, + V) CC
20 @ Beam (v, + v,) CC
00F (ve+ V,) CC
80F
60F
40f
20},

o- DUNE Prelifmm

3

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

- /((\‘:
P


http://vmsstreamer1.fnal.gov/Lectures/WC/presentations/190802Patterson.pdf
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Oscillation Analysis On DUNE

MICHIGAN STATE N—a(VE
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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

—] =

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



L. Pickering 104

Precision Reaction-Independent
Spectrum Measurement

MICHIGAN STATE -
UNIVERSITY PR|SM
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Off Axis at the Near Detector

=
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Off Axis at the Near Detector

e Use a mobile Near Detector

o Sample different neutrino energy spectra
at different positions

>

& o & ¢

- e " RS v

o 40 | A l

Q_ L

l_ i l

O L

T 2o-

!

o L

€ /PUNERreliminary | ——— |

s 9 1 2 3 4
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Off Axis at the Near Detector

e Use a mobile Near Detector
o Sample different neutrino energy spectra
at different positions
o Build up 2D measurement

T per 1 GeV)

=
@, (cm per
(@)

E, (GeV)



Off Axis at the Near Detector

Use a mobile Near Detector

O

@)

Sample different neutrino energy spectra
at different positions
Build up 2D measurement

60

L. Pickering

108

@, (cm? per POT ber 1 GeV)

o &
I fb?’f‘vQ AS N
40F | ; |
v
20
e
E, (GeV)



Off Axis at the Near Detector

e Use a mobile Near Detector
o Sample different neutrino energy spectra
at different positions
o Build up 2D measurement

per Ge

Off axis p
[\
S

10

[a—
=]

Neutrinos/cm?

ri1 GeV)

@, (cm? per POT
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60fo
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Off Axis at the Near Detector

Off axis position (m)

Use a mobile Near Detector
Sample different neutrino energy spectra

O

@)

at different positions
Build up 2D measurement

x10”

10

Neutrinos/cm? per GeV pe

@, (cm? per POT

L. Pickering
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A Quick Aside
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Discrete Fourier Transforms

]
e Approximate function as a linear sum of

sines and cosines
=R
< |
% L
3 L
S 0.5
E L
<C

% "= 0 5 10

Time (A.U.)
f‘\/’ /(V(‘\\\ =



Amplitude (A.U.)

Discrete Fourier Transforms

L. Pickering T3

o
o

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

L. Pickering T4

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

Amplitude (A.U.)
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Building an Oscillated Flux

L. Pickering M7

10-1

Want to measure oscillated flux at the near detector

FD Oscillated Flux

FD

Vy =

10

A8\
f\\ - /(‘ \\\\ _



Building an Oscillated Flux

- POT per GeV]

2
cm - per

3
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I
.

w
L

(3]
L

—
L

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)

FD Oscillated Flux

FD v, — v,

(o]

10

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

(I)near (Em Loff axis)

x10

30

Off axis position (m)

10

E, (GeV)

Neutrinos/cm? per GeV per POT b

x[O]-
x[1]
x[2]
x[3]
x[4]
X[5]
x[6]

x[71]



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

o
@]
@)
10-15 FD Oscillated Flux
54‘ FD v, — v,
g
e 0]
2
- 2 1
[
a
"T: 1
(=] 0 ! . ;
0 2 4 6 8 10
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X[0]
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X[6]
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(I)near (Eua Toff axis)
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x[6]

x[71]

Linear combination weight

W
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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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w
L

)
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Far detector x P(v, = v,)
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X[0]
X[1]
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Building More Oscillated Fluxes

e Can construct oscillated fluxes over the allowed parameter space
o Each set of oscillation parameters requires a different set of weights

%10-15 v,, Disappearance
29 %103 Oscillation Parameters
' —— NuFit 4.1 —-— NOvA 2018 ,; 4-
97] ==-- T2K 2018 i
—— TN, g
/‘/ \\\ __________ {/ \. 3 3 i
¥ I \ e
g | 4 ' Q
T 250 & j .
4 \ ' ; i g 2
.\ |‘ ,, ./ NQ
2.4 AN \ i 4 |
.\. AN 7 4 E
Wy \\\\ ,” ./ .2, 1 E
2.3 B S e e -7 o
2:2 T 0
0.40 0.45 0.50 0.55 0.60 0.65 1 2 3 4 )
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How does that help?

[

(I)near (EI/7 Loff axis) X C= (I)far (EV) Posc (EI/>

/ '/t(‘\‘s\
/ Ne—rg _—
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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(



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

_9
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@]
e: Off axis Coefficient
15)
a EeB8aoam8s x10~1%
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8 g % 1 Far detector x P(v, — v,)
(6] =4 — 4
B =z 293 kA Off axis + 280 kA On axis
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N oF =
g E 831
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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

xlei;—
=
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ld g I SE — g2 .
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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)

S C
Off axis Coefficient g 2= —e—— Far detector 'data’

4d § I T % B % PRISM Prediction + stat. err.
34 1= oE m\ 15 [
25 151 5 T
Measured N3 | s i C
o ND Event Rate ZJI 5 LE £ aqF
= E c B
20 3 g - O L
— o E r
i q:) nr;l\)g 05 [
1(.] i xUE L
I o E L
a 8 9E L
121 5 ;

- = 33 % 2 4 6 8

E

| | Rec. nroxv

(GeV)
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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!

Off axis position (m)

G L
Off axis Coefficient g 2= —e—— Far detector 'data’
d_“_' bsbtozmas S b ”
4— g g"”H‘HH"‘”‘”Hl””'””‘””l”l‘lX CD [~ PRISM Prediction + stat. err.
30 > E i - 7
d < | i ¢ 2asf i
3 E (61 " . N
25 151 5 f
Measured N3 | s i C
=0 ND Event Rate ZJI T E £ aqF
o E c B
15 20| ) oF - O r
15 2 o — r
10 S o oE 0.5+
1Q = =9E —
d o E C
5 o Q wE -
zZ = OF
I I g g 0_ L L 1
- 38E 0 2 4 6 8

E
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The Full PRISM prediction

e Do have to correct for:

S
«c L
. ()] - . .
o Imperfect flux matching > 21 —*— FanueiEmordd
o Backgroundsinthe nearandfar 2 i % .
| (D PRISM Prediction + stat. err.
selection i 7

= 151

o B - Near detector 'data’-driven
H -

w —

- |

E 1 | Far detector Flux correction
d—

e L

g : Far detector NC+WSB correction
L i

0.5
O L
0
Rec proxy (GeV)
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The Full PRISM prediction

,

ﬁ

® [cm~2 per POT per GeV]

Do have to correct for:

) w &

—_
1

@
(]
Z
o Backgroundsinthe nearandfar 2
selection Q
m-
- 1
——— Far detector x P(v, = v,)
N\ 293 kA Off axis 4+ 280 kA On axis
A \
\
;\»
1 2 3 4 5 6 " 8
E, [GeV]

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)
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The Full PRISM prediction

,

ﬁ

® [cm~2 per POT per GeV]

N

w

[\)

—_
1

Do have to correct for:

2 /GeV /Year

x10~1
——— Far detector x P(v, = v,)
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The Full PRISM prediction

e Do have to correct for:

0.5

< N
o Imperfect flux matching § 2 S Fardetectordaw
o Backgroundsinthe nearandfar 2 i % .
PRISM Prediction + stat. err.
selection Q - 4
. . . ™ 1.5 b
Y M aJ O rlty Of OSCl | |ated fa r 9' B - Near detector 'data’-driven
4 . 0 (O] B
p red ICtIOn IS rea rra nged nea r § 1 __ Far detector Flux correction
detector signal data. S [ |
[_|>_] | Far detector NC+WSB correction

E
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The Full PRISM prediction

e Do 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 the near
detector sample is mis-modelled.

Event rate 10° /GeV /Year

" MICHIGAN STATE
UNIVERSITY

VI/,

1.5

0.5

IIII|IIII|IIII|IIII|I

——e—— Far detector 'data’

Z
PRISM Prediction + stat. err.
(4

- Near detector 'data’-driven

Far detector Flux correction

Far detector NC+WSB correction

E

Rec. proxy

PRISM

(GeV)
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The Full PRISM prediction

e Do have to correct for:

= -
o Imperfect flux matching g 21~ T & Fardetectordaw
o Backgroundsinthe nearandfar 2 B //% RSN Predition + et et
selection Q 15[ 7 o
) MaJO”ty Of OSC|||ated fa r 8 B Near detector 'data’-driven
4 . o Q B
predICtlon IS rearranged near § 1__ Far detector Flux correction
detector signal data. S I |
> L Far detector NC+WSB correction
o PRISM transfers near detector L L
‘constraint' even if the near 0.5 5 A
detector sample is mis-modelled. - - M‘.-—-_._...
o o ° - 7.
e In a traditional analysis, the e T S B
whole spectrum would be a E rec. proxy (GEV)

predicted by a model.

@ MICHIGAN STATE N VE
UNIVERSITY =




L. Pickering 136

Putting PRISM Into Practice
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A 'mock' data Study

L. Pickering 137

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

- /@(T\\ -



A 'mock' data Study

L. Pickering 138

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.
MICHIGAN STATE I VE
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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?

=
N
T T T

e Can imagine a world where the model can be

o
1N|)||

Event rate / (1.1x10?"2) POT

: v v i i . o
fit to near detector data, but E' =FE" _is " [ On axis S|
wrong. % 2 4 e
Erer. (GeV)

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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x10°

| = Sel. 20% Missing Proton Energy

Selected ND (5.2e+04 events)

Event rate / (1.1k10%716) POT

I On axis \\\\
0 > i o
Erer (GeV)
X0’
I 28 m Off axis
6
al
2
05

4 6
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Rec.



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
- I On axis \\\
% 2 4 56' 6

Erec. (GeV)

. e
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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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Mock Data Spectrum

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,,
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Mock Data Spectrum

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
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Mock Data Spectrum

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
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[ DUNE Sensitivity B 7 years (staged)
- All Systematics 10 yeurs (singed)
B 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
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3

PRISM Prediction - —
o AE ) e« FD 'data
= — - )
5 35F e Trad. analysis Min X2
T PRISM Min X >
e Oscillation parameters can absorb I "D MC True Osc
o C | .E
poor interaction modelling. I
©. O . 1-5; : ] .. ".':°
e As expected, the traditional analysis £ oM
would be badly biased. b R
T e T N S e S —
e For this study, PRISM showed no such &~z 5"y
b | as. Traditional analysis PRISM '
T True
(‘ MICHIGAN STATE " value ]
UNIVERSITY R - M-I TS
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DUNE-PRISM 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
produce minimally biased results even
without precise neutrino interaction
models.

=
ol

o
o1

(=}

Event rate 10° /GeV /Year
H
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L ——=e—— Far detector 'data’

--------- Far detector MC Prediction
= %

% PRISM Prediction + stat. err.
- 7
B Near detector ‘data’-driven
r Far detector Flux correction
— Far detector NC+WSB correction

1 | 1 1 1 [ 1 1
E (GeV)

Rec. proxy
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Thanks for listening

PRISM
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DUNE-PRISM

L. Pickering 151

NIt (VE



Flux Uncertainties

L. Pickering 152

N VE.



L. Pickering 153

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
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Flux Systematics

—y

Flux systematics introduce
cross-section dependence at the
level that the PRISM prediction and
the FD prediction don't 'track' each
other.

Take a given systematic variation
and study how much the FD flux
prediction and the PRISM prediction
vary relative to nominal to each

other.
o e.g.one systematically varied hadron
production universe.

L. Pickering 156
1071
% 4 — Dy, =y,
& .
£ Off-axis Only
& 39 280 kA v
£ )
g 21 \r
g
NH il Ah ]
N RN
i 0 \ B |
., S50%
33 25%1
S5 0%
éE -25%
To50% T T
0 4 8 10
E, [GeV]
" 1 1
-,;: ] ]
: ! !
g 0.0y :
ol i i
= i i
< s
| 01 ! ! ND
£ j == ED
0.051 ) i
g | :
g : i
5 0.004 i
= i i
A i i
—0.05 11! 1) ) :
6 8 10



—y

Flux Systematics

Flux systematics introduce
cross-section dependence at the

level that the PRISM prediction and
the FD prediction don't 'track' each

other.

Take a given systematic variation
and study how much the FD flux

prediction and the PRISM prediction

vary relative to nominal to each
other.

(@)

@)

e.g. one systematically varied hadron
production universe.
e.g. 100 hadron production universes

FD
n
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Other Oscillation Parameters
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NuFit 4.1, AIN?I, = 2.52x10° eV, sin’(,;) = 0.45

1.5

——e&—— Far detector ‘data’

......... 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

0 2 4 6 8
E, Rec. proxy (GeV)

NuFit 4.1, AWl = 2.52x10° eV, sin’(6,,) = 0.525
15F

——e—— Far detector 'data’

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

%
% PRISM Pradiction + stat. err.
e T——

Far detactor Flux correction

- Far detactor NC+WSB correction

Event rate 10° /GeV /Year
T

0 2 4 6 8

5 - (GeV)

Event rate 10° /GeV /Year

15+ ——e—— Far detector 'data’

22— -
0.4 0.5 0.6

sin? fs

NuFit 4.1, AIM*1 = 2.52x10° eV, sin’(6,,) = 0.6
32

......... Far detector MC Prediction

%

% PRISM Prediction + stat. err.
4

- Near detector 'datadriven

Far detector Flux corraction

- Far detector NC+WSB correction

E Rec. proxy (GeV)

Event rate 10° /GeV /Year

Event rate 10° /GeV /Year
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NuFit 4.1, AIM| = 2.38x10° eV, sin’(6,,) = 0.487
32

0.5

0.5

——e—— Far detector 'data’

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

%

% PRISM Prediction + stat. err.
4

T [——

Far detector Flux correction

- Far detector NC+WSB corraction

4 6 8
Eqar v (GEV)

——e—— Far detector 'data’

--------- Far detactor MC Prediction

%

% PRISM Prediction + stat. err.
7

[

Far detector Flux correction

- Far detector NC+WSB correction
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Does it work everywhere?  mvitvourser
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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

(===

|
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FD prediction
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ND data
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subtracted Resolution signal Combine
signal Correction
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Narrow-band fluxes

e Also of interest to construct
narrow band flux
Mmeasurements.

r‘i MICHIGAN STATE
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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
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https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf

Appearance

L. Pickering 172

ISP VE.



Is this the only Game we can Play?

L. Pickering

173

-]
. %1073 Oscillation Parameters
" | — NuFit4l —— NOvA 2018
97/ -=-- T2K 2018
...... _/""'-A\\
a1 i T TS \
g i 7 !
Fas | v ‘ i
d \ ] 7 !
\ \ i /
241 N\ % / /
5 5 y J
N e g /
2.3 \‘\.\ """""""" _ #7
2.2 -
0.40 0.45 0.50 0.55 0.60 0.65
sin2 623
%10-15 v,, Disappearance
B
(<]
&)
g
2 3
=
o
[a W)
i 21
o5
q
B
L]

AD>

wr l\ 1 2 3 4
U E, [GeV]

j - /(»(

=



L. Pickering

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




Geometric Efficiency Estimate

—
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e \Want to understand selection efficiency in an
as-model-independent-way-as-possible.

[
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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

-]
7 500—— 7 500¢
S EOriginal selected event S t 14
>~ 400, ~ 400F
400" Muon not shown 400
300F- 12 300F 12
200 1 2001 10
100F- = 100F-
E . 8 E 8
o v o
-100F 6 ~100F 6
-200F " -200F i
_300E- Active volume _300E
F Veto boundary E
o 2 = ° 2
~400F- Fiducial volume (TDR LBL) -400F- C. Vi Iela
E Average neutrjno direction E
-50 o -500 o

—?)00 -400 -300 -200 -100 0

T
=
Q
w

Not selected

LARERRRRRNY}

Active volume

Veto boundary

Fiducial volume (TDR LBL)
ARPIR R diEston,,

-400|

100 200 300 400 500
x [cm]

OO o e P 4 T i AT W S L,
50850 =400 ~300 ~200 ~100 0

x [em]

100 200 300 400 500

0

-200 -100 0 100 200 300 400 500 600 700
z [cm]

Not selected

T[T T TTT T ITT T IT T [ IT T T T IoTT

[ ENTRE FRETE FRNTE SURT] SRTNE FRRTE SRRTE AENEE FTEE T

-200 -100 0

100 200 300 400 500 600 700

z [cm)

T
=
Q
N

Selected

Eoo ol

Active volume
Veto boundary
Fiducial volume

Jverage neuln

(TDR LBL)

Odrection.

00 -400 -300 -20

o
=

00 0 100 200 300 400 500
X [em]

0

L. Pickering

187

Selected

T T[T [ T [ T[T [IT T[T TT 17T

FrrTT

Lol b o b b b i b e

-200 -100 0

100 200 300 400 500 600 700

z [cm]




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.

[



L. Pickering 191

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.
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Far detector events with N < 0.1

t Not constrained by ND
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1 C. Vilela
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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

= =
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arXiv:1412.3086 [physics.ins-det]
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https://j-parc.jp/researcher/Hadron/en/pac_1507/pdf/P61_2015-5.pdf
https://arxiv.org/abs/1412.3086
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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
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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).
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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
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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.
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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
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=S B P %@)
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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 .
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Horn Current

L. Pickering 199

M VE



L. Pickering 200

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]
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Flux Mismatch Correction D Ottt Pl

x 10

- FD v, — v,
ND Flux Match
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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...
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Flux Mismatch Correction

x 10

L. Pickering 203

FD Oscillated Flux

FD v, — v,
ND Flux Match
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2 49
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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
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Flux Mismatch Correction FD Oscillated Flue

—y —
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Special Horn Current Runs

| —
v
Proton beam —
-
e If we varythe current in the magnetic horns, we change their
momentum acceptance
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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
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Special Horn Current Runs
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| —
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 27 200 ==

operating current.
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Special Horn Current Runs
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| —
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 27 200 ==

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—
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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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