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Introduction

Entering a new era of long-baseline (LBL) neutrino oscillation physics
where we are no longer limited by our statistics

r\l il DEEP UNDERGROUND

M = NEUTRINO EXPERIMENT

Not statistically limited — systematically limited neutrino oscillation
experiment

Control systematic uncertainties with a near detector (ND)

Precision Reaction Independent Spectrum Measurement (PRISM)
technique reduces dependence on the neutrino interaction model
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Deep Underground Neutrino Experiment

_ _ . DEEP UNDERGROUND
Observe v,— v, , v, = Ve, V= Yy and v,— v, » = NEUTRINO EXPERIMENT

Measure §.p, Am3,, 0,3, 8,3, mass ordering

Sanford
Underground 0

Research P goom . e
Facility ; i ===

Fermilab
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Measuring Neutrino Oscillations

Nosc(E3) = | dE™® ®(E) 6(EI®) Pyc (ES") S(ESU, Efec°)
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DUNE v, Disappearance
sin®0,, = 0.580

Am3, = 2.451 x 10 eV?
3.5 years (staged)

—— Signal v, CC

. v, CC
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Measure oscillated event rate in
reconstructed energy at Far Detector 400

300

200
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1 2 3 4 5 6 7 8 .
Reconstructed Energy (GeV) &/ Xiv: 2002.03005 [hep-ex]
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Measuring Neutrino Oscillations

Nose(BE) = [ dES™® ®(ES™) o(BY") Pogc (B SCES™, EL°")

1300 km
Normal MH

.6cp=-:|1f2
.o
-ﬁcp=+ﬂ'f2

— 0,, = 0 (solar term)

Extract oscillation probability
(function of true energy!)

10" 1 10
Neutrino Energy (GeV) arXiv: 2002.03005 [hep-ex]
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Measuring Neutrino Oscillations
Nose(BL) = [ AESU|@(ES™) 0B )P, (B)fSCEYe, ER)

Success requires accurate models of:
* Neutrino flux Ar
* The detector

* Neutrino-nucleus cross section
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DUNE Near Detector

Segmented LArTPC (ND-LAr)

System for on-Axis Near

Detection (SAND) SAND

Temporary Muon
Spectrometer (TMS)

ND-LAr Neutrino Beam Axis
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DUNE Near Detector

1)
N

Segmented LArTPC (ND-LAr)

/

¥
' , ': ?’-4’?

System for on-Axis Near
Detection (SAND)

Temporary Muon
Spectrometer (TMS)

Precision Reaction
Independent Spectrum
Measurement (PRISM)

Neutrino Beam Axis
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(E,) 10°® (fem? /GeV /POT)

N

DUNE Near Detector

L 5 10.5°

On axis

7 )

2 ‘.. P\
.
]
ND-LAr
11| 2 3 4
E, (GeV)
arXiv:2103.13910 [physics.ins-det]
Neutrino Beam Axis
. . n Q DEEP UNDERGROUND
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https://arxiv.org/abs/2103.13910

DUNE Near Detector

* Precise oscillation measurement
» limited by systematic uncertainties

* Traditional measurement with a fixed ND...
» Measure neutrinos at high rates
» Compare data to model prediction

> Reduce uncertaintiesin ® & o
according to ® X o0 measurement
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DUNE Near Detector

BUT ...

* Very different E,, spectrainthe
Near/Far detectors due to oscillations
(and detector differences)

» We measured ® X o - will our o
model be correct in new flux ®4.?

* Plenty of ways to mis-model o:

» Unobserved neutral hadrons, final

o(E )/ E, 10°® (cm? /GeV /Nucleon)

—h

o
o

GENIE 2.12.10, DUNE FD TDR CV Tune

—— CC Inclusive

—— CC Res 1

CC 1p1h+2p2h

—— CCDIS

®{P(E,) 107 (/em?® /GeV /POT)

state interactions and other - 0, é z'l 0
complex nuclear effects E, (GeV)
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What happens if the neutrino
interaction model is wrong?

"N DEEP UNDERGROUND
An example from m NEUTRINO EXPERIMENT
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Wh at Ca n GO Wrong? Event rate from a fixed on-axis DUNE ND

x10°
« Possible to have a good fit at the fixed E i +2m < -2m
. 2500
ND butE,, .~ E_,,.modeliswron - -
true obs g g B ND EHC
« Test different reality where: o 20001 — Model
- — Mock Data
cC
o Moved 20% of proton energy to g PO DUNE Preliminary
(unobserved) neutrons D 1000/
o L
o Make (incorrect) changes to ND i 5001
model to make ND model match B —
R R A SR SRR S AN RO S SO S A S R
data % 1 2 3 4 5 6

Deposited Erec_ (GeV)

(Dip due to gap between ND-LAr and TMS)
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What Can Go Wrong?

Possible to have a good fit at the fixed

ND but E,,. 2 E,,. model is wrong g 000 1 FD FHC
e Case Study: 3 i — Model
o 800 | — - Mock Data
o Inthe oscillated flux at the FD o i DUNE Preliminary
agreement between MC and data E 600;_ =
bad - but oscillation parameters < 400
are the same £ -
200~
o Think our modelis good - alter the — ; L | |
oscillation parameters to achieve ° 1 ° ] Depg‘sited - (GeV)G
a good fit -
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What Can Go Wrong? D(VE

2 54 DUNE Sensitivity B 7 years (staged)
. All Systematics B 10 years (staged)
* Possible to have a good fit at the ND 2.52F Normal Ordering 18 vears (staged)
but E > E model is wron [ sin?20,, = 0.088 unconstrained On-axis Only Example:
true obs g 2.5 E- 90% C.L. (2d.o.f.) Shifted visible energy
 A'traditional’ fixed-ND oscillation &~ 2.48[- *  "True" Value
. . (=) -
analysis could get biased contours % 246k
o Andwe would not know it! ® 5
3 2.42F .
[ Bias!
2.4
2.38
2.36}
-llllllllllllIlIlIlIIIlIIlIIII
0.35 0.4 0.45 05 0.55 0.6 0.65
sin%e,,

arXiv:2103.13910 [physics.ins-det]
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https://arxiv.org/abs/2103.13910

Independent
Reaction Spectrum

PreC|S|on Measurement

Whatis the PRISM technlque and how
can it help?
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Precision Reaction Independent Spectrum Measurement

The bias was not spotted because we only tested our 0 modelin a
single flux —what if we had many fluxes?

Neutrino beam “Off-Axis Effect” (used by T2K and NOvVA) - neutrino flux
narrows and peaks at lower energies further off-axis

E, (GeV)

l :

o _
EOO_

w

®(v ) at 574m/GeV/cm/POT

x107° :

()]
o
I

40 |-
30 |
20 |

10 |- ¥

v-mode
v-mode

v-mode 33m Off-axis

0 1 —— =
00 05 10 15 20
arXiv:2103.13910 [physics.ins-

25 30 35 E4.o 4.5G \?.0
nergy v e
det] gy v, (GeV)
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DUNE-PRISM

0 1 2 3 4 5 6
Neutrino Energy (GeV)

e DUNE near detector moves
off axis

A e

e Measure different neutrino
fluxes

* ND-LArisalLArTPC -liquid
argon (LAr) like DUNE far
detector!

e (Canwe spotcross section
mis-modelling with these
extra fluxes?

|




X

—

o
w

E 350; -6m < -10m
Why PRISM? 7 o  Model
* Look again at the model where 20% of the g a0k — - Mock Data
proton energy is carried away by neutrons 5 1500 DUNE Preliminary
* PRISM measures different fluxes by moving g 1%
off-axis — now spot the problem! 52;% T

0 1 2 3 4 5 6
Deposited Erec (GeV)
- x10° - x10°
C 250—
[0 - - (O] - - -
G 1001 22m < -26m 8 T 14m < -18m
5 i 5 2000
ig’_ 80t — Model :3)- . — Model
e - T C
T 60 — - Mock Data 190 — = Mock Data
B c -
) L . . (O] - . .
O 40l DUNE Preliminary o 100F DUNE Preliminary
o B o B
o - o} C
o 20 a 50
OW_LI Co Ll owﬁ,g T o T ISR RN
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Deposited Erec_ (GeV) Deposited Erec (GeV)

: . ! DEEP UNDERGROUND
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Two Approaches to Using Off-Axis Data

2 N

Model Dependent Model Independent

Use off-axis data to better Linearly combine off-axis data to

constrain and tune the cross- produce data-driven predictions

section model of the FD energy spectra

Biases less likely when testing the Oscillation analysis now has

model in many fluxes minimal dependence on the
cross-section model

20. 20/09/2024 Ciaran Hasnip | NuFact 2024 (\ NEUTRINO @



PRISM Oscillation Analysis

linearly combine fluxes to <
produce a prediction ofthe FD ~ v%°
event rate directly from ND
data

0 1 2 3 4 5 6
Neutrino Energy (GeV)

x10~15

. —— FD ¢y, - @,
> —— PRISM
)
2,31
=
&)
[al
g2
T
LR DUNE Preliminary
=

0

E, [GeV]
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PRISM as an Oscillation Analysis

Match the ND I/M

fluxes to the FD oscillated flux

* Just solving a linear algebra problem with the flux

* Mathematically, thisis Nc = F—we solve for c!

N.B. we can match
to any target shape

ND Fluxes x10~
— =—-- .,
£ Q ) FD Oscillated Flux
g 30 ™ x10-1
= 30 & =
é > & 41 N FD cD"u - CDVM
2 @) - ( '.\
£ 2 20 & 3 / \
= 5 some vector,C |mmm ° | , | |
2 o2 || |
g 2, N } \-.
10 10 3 ey R’l'- \
Z = \] || \
= d | || \ TN
90“'.!U [\\_/ [ \_‘. .
ol lo 0 2 4 6 8 10
0 2 4 6 E, [GeV]
E, (GeV) [physics.ins-det]
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PRISM as an Oscillation Analysis

e Matchthe ND U fluxes tothe FD oscillated flux
H N.B. we can match

* Just solving a linear algebra problem with the flux to any target shape
* Mathematically, thisis Nc = F—we solve for c!
ND Fluxes x10”
: S s FD Oscillated Flux
~ ’ e: gg X
Z*g 30 30 & 1 — 41 — FD CDVM - CDVM
g | 3 IF 3 f“\ ~ PRISM
2 | - ] 5] "
& 2] 20 & ! < f'"! i\\
| 2 2]
| g i Tl
10| 10 2 I? B \ DUNE Preliminary
‘l 8 * 1 “ ™
\ ) 0 ‘J. .\m/ .\\. %‘:l-"-;g —_ |
0 ~ o e 0 A L 1 2 3 E4[G V]s 6 7 8
E, (GeV) b | vi21C [physics.ins-det]

g DEEP UNDERGROUND
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PRISM as an Oscillation Analysis

%
Vu 7 Vp
v, datayou measured at ND Weights you calculated Data-driven prediction of the
%10° using the flux model FD oscillated event rate!
’é 3 ; Muon neutrino disappearance v, — v,
\; < 83 - - —s— FD v, 'Data’
e 30 b ° O 30001 B9 PRISM Prediction
= 2 1 P . (v. +¥,) CC
a 100 g, E’ 2500 B (v, +v,) CC
a L 1s 1T, - NC
2 20 © BN 200 B WS (7, = V,)
5 g) e N 5 [ | Flux Corr.
) 15001~ DUNE Preliminary
50 1 1000[—
10 -
) 500 l
g L1 1 g [ | = L 11 gl [ | gl 1 114 D_ I o
! USIETTY 0 1 2 3 4 5 6 7 8 9 10
OO 2 4 Neutrino E . (GeV)

FD-like Rec.
Evis (GeV)
Figure from L. Pickering

arxXiv:2103.13910 [physics.ins-det]
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PRISM as an Oscillation Analysis

Vu 7 Vp
v, datayoumeasuredatND  Weights you calculated Data-driven prediction of the
40P using the flux model FD oscillated event rate!
E Some details | skip: B
“; " Correction for ND and FD backgrounds E%MEM
% 20 Correction efficiency & resolution e 5, =5
S differences between the ND and FD e

DUNE Preliminary

" Additional cross section ratio

0o 1 =2 3 4 5 6 7 8 9 10

0 0 5 N 4 o Neutrino E,,, (GeV)
EFD-“ke Rec. (Gev)
Vis

. . . i ° i .. -
Eigure from L. Pickering arXiv:2103.13910 [physics.ins-det]
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PRISM Fixes Oscillation Analysis

Predictionis made from ND data:
Naturally includes correct neutrino
interaction physics

Muon neutrino disappearance v, — v,

Model-dependent prediction ‘E - —e— FD v, 'Data’
> 9 3000 == PRISM Prediction
o B - FD FHC 2 | (v, +¥,) CC
o 800 | — - Mock Data 2000~ Bl ws v, - v,)
(4] N B
o B DUNE Preliminary B | Flux Corr.
€ 600 p= 1500 -
L?>j - - DUNE Preliminary
S 400~ 1000~ *
<5 L B
* 200~ i
- 5001~
1 1 | | 1 | 1 I 1 | | I | B
0 1 2 4 5 6 _. .
E . (GeV) 1 2 3 4 5 6 7 8 9 10
E.o.. (GeV)
. . N | DEEP UNDERGROUND
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Muon neutrino disappearance v, — v,

Electron neutrino appearance v, — v,

> i —— FDv, 'Data’ 2 F —e— FD v, 'Data’
O 3000 E= PRISM Prediction o °F E= PRISM Prediction
@ - (v, +¥,) CC 2 el (v +¥,) CC
o 25000 B (v, +7,) CC s - E’E:Wu} ce
= - > -
T : NC O sool o _
- _ _ C [ Intrinsic WS (v,) CC
2000[ Bl WS v, - 9,) C B WS (7, > )
E [ Flux Corr. 400~ [ ] Flux Corr.
15001 . - N
. DUNE Preliminary 300 DUNE Preliminary
1000[— s
B 200~
500(— 100[-
. C ——
l[:'0 1 2 3 4 5 6 7 8 9 10 00_"""_'_'_' """""""""" F;HHf:liH”TII'HHEIHHQI”“w
Neutrino E,; (GeV) Neutrino E__ (GeV)
Muon anti-neutrino disappearance ﬁu — vu Electron anti-neutrino dappearance '\_I“ — '\_fe
= 1400 — % 160l —e— FD ¥, 'Data’
2 B —— FD v, 'Data o OF B PRISM Prediction
—_— 1200__ - PRISM Prediction :; 140__ ':“"-c + v—c} CC
2 f (v, +7) CC g t W v, +3,) CC
[0 . _ > 1201
g B (v, + %) CC wor W Intrinsic WS (v,) CC
800l NC 100[~ Bl WS (v, = v,)
- - WS {vu - Vu) 30:— [] Flux Corr.
. DUNE Preliminary sof- DUNE Preliminary
400:— —*—| 405_
o: (%] v e s ST R A AR AW AP W
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Neutrino E . (GeV) Neutrino E,. (GeV)
| DEEP UNDERGROUND
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PRISM Fixes Oscillation Analysis

'Traditional’ oscillation analysis

with a fixed ND

Resolve bias with a data-driven
PRISM oscillation analysis

PRISM All Systematics MPFD: Bias ND Eff. & WSB
1o @  Bestfit point
. ensitivi ears = == 30 A 'True point
o el 25| oo
2.52} Normal Ordering e > [ DUNE Preliminary
C sin?28,, = 0.088 unconstrained On-axis Only Example: i / - N
2.5 s
- 90% C.L. (2 d.o.f.) Shifted visible energy o 25 - / \
- ¥ "True" Value — -
&~ 2.48F Ao i /7 \
= C o N /
— - i) L
& 2460 £ 245 / ’
9& 2.44F < i ‘ //
L 2.42F Bias! 24 \\ 7
C B ~
241 -
2.38f ) 2.35-
236 I 1 I I I :
035 04 045 05 055 06 065 25 L S R S LS S S A
in2 4 4 : . . :
sin%0,, % 0.45 0.5 0.55 0.6 Sinz(eg)GS
u DEEP UNDERGROUND
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Conclusions

* Entering a new precision era of neutrino oscillations — controlling
systematic uncertainties more vital than ever!

* Challenge to constrain/tune cross-section models measuring event
rates in a single broad neutrino flux

» PRISM technique addresses this by providing many neutrino fluxes -
breaks the @ X o degeneracy!

* DUNE-PRISM is a key component of the DUNE ND design and central to
its physics program

* Demonstrated great potential in reducing cross section systematic
uncertainty and limiting the risk oscillation measurement bias
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DEEP UNDERGROUND

Thank you for listening!

Muon neutrino disappearance Vp >V,

:ﬂ: B —e— FD v, 'Data'
G 30001 B PRISM Prediction
2 - U v, +¥) CC
ﬂCJ 200 - {"'"a + Fa} CC
o | NC
2000 - B WS (v, —V,)
- [ ] Flux Corr.
1500:_ DUNE Preliminary
1000|—
9 1 2§ 4 & 67 & 8 10 - N ’ |

Neutrino E. (GeV)

I DEEP UNDERGROUND
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Backup: ND Event Rates 1-Year Run Plan

All int. Selected All int.

Run duration Ny’ucc NSel WSB NC NU“CC

On axis (293 kA)m | 14 wks. 21.6M | 10.1M | 0.2% | 1.3% | 580,000
On axis (280 kA) m 1 wk. 1.5M | 690,000 | 0.3% | 1.3% | 40,000
4 m off axism 12 dys. 2.3M 1.2M | 0.3% | 1.0% | 61,000

8 m off axism 12 dys. 1.3M | 670,000 | 0.5% | 0.9% | 35,000
12 m off axism 12 dys. 650,000 | 330,000 | 0.8% | 0.7% | 17,000
16 m off axism 12 dys. 370,000 | 190,000 | 1.1% | 0.7% | 10,000
20 m off axism 12 dys. 230,000 | 120,000 | 1.3% | 0.7% | 6,200
24 m off axism 12 dys. 150,000 | 75,000 | 1.8% | 0.7% | 4,100
28 m off axism 12 dys. 110,000 | 50,000 | 2.1% | 0.8% | 2,900
30.5 m off axism 12 dys. 87,000 | 39,000 | 2.3% | 0.7% | 2,300
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Backup: Gaussian Target

x10~8

Fluxes up to 33.0m

32.
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Backup: PRISM as an Oscillation Analysis m

2. Subtract predicted 3. Unfold near detector
ND backgrounds from effects (resolution and 7. Add FD backgrounds
data efficiency)

4.1fv, - v, : correct
forv./v, cross-section
ratio

5. Introduce far 6. Linearly combine ND
detector effects off-axis data with
(resolutions and corresponding

1. Take ND vy data

efficiency) coefficients
START
DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT A

i . n N
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Backup: PRISM as an Oscillation Analysis m

2. Subtract predicted 3. Unfold near detector
ND backg==--=~- £~ e sl 7. Add FD backgrounds

the flux simulation - totally
interaction model dependent!

"€/ TQU TS T TT TT T TrT et

5. Introduce far 6. Linearly combine ND
detector effects off-axis data with
(resolutions and corresponding

efficiency) coefficients
START

1. Take ND vy data

Pl il DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT A
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Backup: PRISM as an Oscillation Analysis m

Correction for

2. Subtract predicted 3. Unfold near detector detector differences
ND backgrounds from effects (resolution and

data efficiency) currently done with
MC smearing

matrices -
- 4.11v, — Vv, : correct . .
Will be replaced for v, /v, cross-section interaction model
dependent!

with a data-driven rauy
efficiency correction
and ML-based 5. Introduce far 6. Linearly combine ND

. detector effects off-axis data with
resolution (resolutions and corresponding

correction efficiency) coefficients

N
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Backup: Need Model Independent Efficiency Correction

== mm [lux — FlUX + X-Sec =-mmm Flux — Flux + X-Sec
s F|UX + X-Sec (Fix ND Efficiency) sin“(26,,) = 0.088 + 0.003 e F|UX + X-Sec (Fix ND Efficiency) sin’(26,,) = 0.088 + 0.003

= ' - DUNE Preliminary

DUNE Preliminary

1 1 1 1 1 1 1 1 1 1 1 1 g 1 1 1 1 I 1 1 1 1
2.3 2.35 2.4 2.45 2.5 2.55
AmZ, (10° eV?)

N
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