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Introduction

Entering a new precision era of long-baseline (LBL) neutrino oscillation

physics |
r\- 1A | = vasn
M N

Controlling systematic uncertainties is more important than ever

Control systematic uncertainties with a near detector (ND)

Precision Reaction Independent Spectrum Measurement (PRISM)
technigue reduces dependence on the neutrino interaction model

| will focus mostly on DUNE - technique applied in several experiments
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Measuring Neutrino Oscillations

Nosc(EL") = | B (ES™) o(BF") Pa - B, EY™) SCEY™, EX**)
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Measuring Neutrino Oscillations

Nose(EL°)|= | B ES™) o(B"®) Pa - B, EY™) SCEY™, EX**)
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Measuring Neutrino Oscillations

Nose(EL°)|= | B (ES™) (B )|P(a - B, EY"e) SCEY™, EX)

1300 km
Normal MH

s =2

~ o2 =::ﬂ Extract oscillation probability

—— 0,5 = 0 (solar term) (fu nction Of true energy!)

10" 1 10
Neutrino Energy (GeV) arXiv: 2002.03005 [hep-ex]
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Measuring Neutrino Oscillations

Nose(EL%)|= | A" [@(ES™) (B P e - B, Bl (L, EX)

Charge Exchange

Elastic
Scattering

Success requires accurate models of: "
 Neutrino flux

* The detector

* Neutrino-nucleus cross section

arXiv:1706.03621v2 [hep-ph]  pion Production

6.

06/06/2024 Ciaran Hasnip | EDSU Tools 2024 I@




ND280 @ T2K

Near Detectors (ND)

* Precise oscillation measurement

» limited by systematic uncertainty in
cross section and flux models

Super-FGD HA-TPC

* Use aneardetector (ND) to measure
unoscillated neutrinos at high rates

Downstream

v il I, Tracker
g2 (TMS/ ND-GAr)
W/

> Compare data to model prediction DUNE ND

» Reduce uncertaintiesin ® & o
according to @ Xo measurement

» Extrapolate constrained ®xo model

to FD for oscillation measurement
SAND

**« Neutrino Beam Axis

7. 06/06/2024 Ciaran Hasnip | EDSU Tools 2024 I@




Near Detectors (ND)

BUT ...
S 22001
 Verydifferent E,, spectra in the Near/Far O ] FDv, EventRates
. . - 2000:— v, No Oscillations
detectors due to oscillations (and L 1800 Disappearance v, — v,
detector differences) 3 16005 Frposure = 100 kMW
T 1400
» We constrained ®Xo - willour o S 12001
. L -
model be correct in new flux @,¢.? 5 1000F
O 800k
. o -
* Plenty of ways to mis-model o: 600}
400
» Unobserved neutral hadrons, final 2001~
state interactions and other complex N T S B S S-S AN BT
nuclear effects Neutrino Er.. (GeV)
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What happens if the neutrino
interaction model is wrong?

An example from DU'(\E

9.
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What Can Go Wrong? > 0
3 - +2M < -2m
O 2500f
 Whatifthe interaction modelis Ei 2000 '\E)I\':oHdil
wrong and you did not realise? 5 15005 — Mock Data
 Possible to have a good fit atthe ND L%
but E,, . @ E,,s modelis wrong . 10005_
« Case Study: - 5001

N -

3 4 5 6

o Move 20% of proton energy to 0 1
Deposited Erec_ (GeV)

(unobserved) neutrons

o Additional (butincorrect) changes
to ND model to make ND model
match data
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What Can Go Wrong?

* Possible to have a good fit at the ND

> C
but E,, . @ E,,. model is wrong SR 1 FD FHC
e Case Study: g - - — Model
o 800 — = Mock Data
o Inthe oscillated flux at the FD T -
agreement between MC and data S o00F
LLI -
bad g 400~
o Think our modelis good —alterthe % 200f
oscillation parameters to achieve F . | L | |
: 0 1 2 3 4 5 6
a gOOd fit Deposited Erec_ (GeV)
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What Can Go Wrong?

Possible to have a good fit at the ND
E . model is wrong

but E . 2

A 'traditional' on-axis oscillation

analysis could get biased contours

o And we would not know it!

Du(VE

arXiv:2103.13910 [physics.ins-det]

2 54 DUNE Sensitivity - 7 years (staged)
E All Systematics " :: y::: ::::ge:;
2.52 " Normal Ordering Nozﬂml Fit %*
" sin26,, = 0.088 unconstrained On-axis Only Example:
2.5 90% C.L. (2 d.o.f.) Shifted visible energy
N "True" Value
G 2.48F
= x
x 246
> C
- 244
£ 240F _
E Bias!
2.4
2.38|-
2.36
lllllllllllllllllll'lllllllll
0.35 0.4 0.45 0.5 0.55 0.6
sin%e,,

0.65
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https://arxiv.org/abs/2103.13910

Independent
Spectrum

Precision\ // Measurement

|
What is the PRISM techniqgue and how
can it help?
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Precision Reaction Independent Spectrum Measurement (PRISM)

* The bias was not spotted because we only tested our 0o model in 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

x10~°

40

35

30

25

20

15

@, (cm? per POT per 1GeV)

10
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DUNE-PRISM

e DUNE near detector moves
off axis

e Measure different neutrino
fluxes

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

* Canwe spot cross section
mis-modelling with these
extra fluxes?

Downstream
Tracker
(TMS / ND-GAr)

ND-LAr

**« Neutrino Beam Axis
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350¢

>
) - -6 -10
Why PRISM? S a0 S
S eob —— Model
* Look again at the case where 20% of the S 20 — - Mock Data
proton energy is carried away by neutrons E 150 %
* PRISM measures different fluxes by moving g 1%
. 50
off-axis — now spot the problem! : |
N T B S E Y
Deposited Erec' (GeV)
- x10° - x10°
3 1002_ -22m < -26m 3 250 -14m < -18m
% a0k —— Model % 2005_ —— Model
g 60 — - Mock Data g 1508 — - Mock Data
& b 5 1000
o C o B
o o L
a 20:_ o 50
N R R - B N B SR
Deposited Erec_ (GeV) Deposited Erec_ (GeV)
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PRISM as an Oscillation Analysis

Could use off-axis fluxes to o
. <
better constrain our 6 model ‘\G\)««@

01 2 3 4 5 6 28.5m Off-Axis

Neutrino Energy (GeV)

OR... linearly combine those
fluxes to produce a prediction
of the FD event rate directly

from ND data

Downstream
Tracker
(TMS / ND-GAr)

%1072
E 30 == FD Osc. Spectrum
10:, o5 === |_inear Combination ND-LAr
o
ig 20
T **« Neutrino Beam Axis
g s
e EE - S-S S SR B R 0
True E, (GeV)
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PRISM as an Oscillation Analysis

| Pred. Event Rate per 1 GeV

Coulduse 9] jnear combination oscillation analysis:
better cons

OR... linear . e ..
fluxes to prd A data-driven prediction naturally Downstream

of the FD edincludes the correct neutrino-nucleus <. (TMS / ND-GAr)
from ND dgjnteraction physics '

%1072

. Any unknown cross section effect are

25

20 automatically accounted for!

15

10 ** Neutrino Beam Axis

18.
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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 i " FD Oscillated Flux
E a5 3 e
é < f | —— FD vy, =y,
» 30 a‘, " -1
S —30 ,E' Q
% 2 2 P
5 25 Na 8 [
20 £ a8 .
£ ) some vector, C | s wE I |
i ] o::  “ ‘;
=14 |
10 S ﬁ!“w x
N |
0 - - - T
S 0 2 4 6 8 10
E, [GeV]
0 1 2 3 4 5 6 8 9G Jo
Ricew) arXiv:2103.13910 [physics.ins-det]
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https://arxiv.org/abs/2103.13910

* Just solving a linear algebra problem with the flux

PRISM as an Oscillation Analysis

Match the ND I/ﬂ

fluxes to the FD oscillated flux

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

N.B. we can match
to any target shape

10

ND Fluxes P FD Oscillated Flux + Combined ND Fluxes
= 35gm o 8
g’ —135 E 5 x10-1
% 3h N, 'é 1o E — FDy, =y,
; 5 . ” ——  Off-axis Only
ke 5 1. £
o ch 1N 8 \
20 € n \
20 ~: _ o \
= g | N \
15 i i I IE | \\‘/\ T~ _ _
10 18 . %50% -
10 gg 25%-/%’")@“
) AR a—
5 = SR -25%1 | e
. 50% ) 5 T ‘g‘ 3
o 1 2 3 4 5 6 8 E\g(G o x ° E, [GeV]
: e
uboM arXiv:2103.13910 [physics.ins-det]
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https://arxiv.org/abs/2103.13910

PRISM as an Oscillation Analysis

v, datayou measured at ND

Weights you calculated
using the flux model

Vu 7V

Data-driven prediction of the
FD oscillated event rate!

— > 8 AmZ, =2.451x 10° eV? sin’(8,,) = 0.58
& [0) % 1200
= 0 10° {82 > n
c O) 5 8 B VoV,
2 - 10005 —e— FD v, Mock Data
‘w -5 () Jg - - ND Mock Data Linear Comb.
DO_ - % 8 C [ ND Linear Comb. Error
) o o 800 (v.+V,) CC
3_10 —10* £ 1e T - . (v, + V) CC
n 1 5 B E o0 — ) CO
_ V, >V
O —15 i Lﬁ Js N Q B FD v, CC Corr.
. L
400
E 3 °
20 3 & ] o
- o 200
-25 e
u':o_ < '—IlIII[lIIIIl|l||l|||ll|lllllllIlllIIlIlllIIIl[lII
_300 1 2 3 4 5 8 9 10 I S 8III°III8|||$|I° 0 1 2 3 4 5 6 7 8 9 10
. - E \Y
Eec. (GeV) o . (GeV)
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V. >V . I A e, =2.451x 10% eV? sin?(8,,) = 0.58 - Sep = -0.8067 sin’(26,,) = 0.088 Vv I - ve
I.l © 1200 [ VoV, o 250 v, >V,
Q] r .9 o FD Vu Data Q) r + —— FD Ve Data
- C ND Data Linear Comb. - - (ZZ77] ND Data Linear Comb.
8_ 1000 C + [ ND Linear Comb. Error 8_ 200 C 1 — [\iDl_Qc-;acr:gomb. Errer
(0] - (v‘: + V1) CC () B i v
T 800 - (v, + v,) CC T 1500 — i ee
E C ’\iC - E N 1 Intrinsic (v, + V,) CC
S 600~ 4 i Bl v, > v,)CC S : ‘ B (v, > V,) CC
S B : i FD v, CC Corr. S 100 ) FD v, CC Corr.
L - LU r
. 400 ,, 1 3 - ‘
— : { [ — 50 _— Ls
Q- 200 b o 5 .
g S
0 :— . EEEEE: i - 0 T
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Deposited E_ (GeV) Deposited E_ (GeV)
rec. rec.
_ _ A, =2.451% 10° eV? sin?(8,,) = 0.58 8¢p = -0.8067 sin(26,,) = 0.088 _ —_
- 60 =
vu % v %_) C VH_)VI—I %.) C \7“_>\7e vu % ve
O 500 "DV, Data © - —e— FD v, Data
‘: C ND Data Linear Comb. ‘: S0 [ ND Qata Linear Comb.
o - [ ND Linear Comb. Error Q - BN ND Linear Gomb. Error
g 400 — (v.+V,) CC g 40 C Frl i (Ve + Vj) CC
5 f * B (v, + V) CC s f THHTL — e
E 300 . NC 95 30 | Intrinsic (v, + V) CC
c C : (v, > v,) CC c C T . (v, > v,) CC
o - : FD v, CC Corr. Y - + 71 FD v, CC Corr.
W 200 e u W 20F i 1
3 - i 3 - _
& qoof | o Mg i o 10; — == ‘
- oF
0 ............................. C
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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rec. rec.
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PRISM Fixes Oscillation Analysis

Back to 20% missing proton energy example

Move oscillation parameters to
get a good fit = bias!

Prediction is made from ND data!

Resolve bias!

> . AmG,=2.451x10° eV? sin’(8,,) = 0.58
& i - FD FHC > 1200r
‘: 1000__ —— Model O 1000:_ vu_)VHFDvMMockData
8_ B : L ND Mock Data Linear Comb.
- = R Q B [ ND Linear Comb. Error
% 800‘ Mock Data % 800— (v, +V,) CC
oC N § N s (v, +V,) CC
000 = = 600 N
S _ c C Bl v, ->v,)CC
LI>J : q>) FD v, CC Corr.
. 4001 " 400
3 3
o B o
200F 200
[ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0_
O 1 4 5 6 —IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
Deposited E_ (GeV) 0 1 2 3 4 5 6 7_ 8 9 10
rec. Deposited E__ (GeV)
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PRISM Fixes Oscillation Analysis

'Traditional’ oscillation analysis Resolve bias with a data-driven
with a fixed on-axis ND PRISM oscillation analysis
PRISM MPFD: Bias ND Eff. & WS Bgkd.
2_54 - DUNE Sensitivity B 7 years (staged) . Best-fit point
E All Systematics = :: :::: ::::::; L, A True’ point
2.52[ Normal Ordering ... Resinai, — 2 55 sin"(20,,) = 0.088 + 0.003
[ sin?20,, = 0.088 unconstrained On-axis Only Example: > B
2.5 = 90% C.L. (2d.o.f.) Shifted visible energy o -
P 48: *  "True" Value "'.ED 55 C
G 248 C
'°_ : : - AmE,=2.451x 10° eV? sin’(6,,) = 0.58
x 2.46_ N% B % 1200: v, =V,
N> : ” __ E'r_) 1000f LO—MFDVM Mock Data
2 a4F I D oratmecen | 4
o - - o 800 (v, +7,) CC
NEn - Bi : - & C g B (v, +v,) CC
< 2421 1as. - = 600 4 | . .
g as 24 % I No bias in
C - 9 o400 .
2.4 - the best-fit
- [ & 200f | .
2.38- 2135 i point!
2.36}- . 0
| e B | I BN NN I 4 11 l L4 1 1 l 41 1 1 I L4 11 -
035 04 045 05 055 0.6 0.65 2_% L N P R
sinto,. 2 0.6 0.65
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How else can we use the PRISM
technique?

Cross section measurement
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Neutrino Cross-Section Measurement

(0') _ N interactions
E-e- Ntargetsfq) dE,

Energy Efficiency Number of \

target nucleons

Integrated
flux

e Measure neutrino cross sections in a broad neutrino flux
 Limited ability to separate the different interaction types

» What if we had a single fixed neutrino energy?
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Neutrino Cross-Section Measurement - PRISM

* Produce a mono-energetic neutrino flux by linearly combining ND fluxes to
match a narrow gaussian

 Solve for coefficients, apply those coefficients as weights to the measured
ND data in a linear sum

E
ND Fluxes o o3 o
X %) |
ESE = 1% 5 E, =0.75 GeV, 0 = 0.075 GeV
c (O] 18 12—
8 - 0 -
.-§ 30 - 5 | - Gauss Target
B - ] 10—
% 25 2 1o - PRISM Match
= 25 5 - L
o Q 8
1 -
20 og B . -
g ' . CE
18 i : -
S C
10 10 ] 2 :_
5 18 o: e, —
] — 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1
ol o 0 05 1 15 2 25
0 1 2 3 4 5 6 7 8 E\g(G \/1)0 ? E, (GeV)
, (Ge >
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Gaussian, E =0.75 GeV, u =0.075

Phys. Rev. C 99, 042501(R)
' ' | ' |

140 ” I . . : 0
P R I S M 120 A" — Se8av2MEC i 2000 (i<c25< -
——_ OE I\I - — RES
. 100+ ~---2p2h ; B 1500 — Total
Gaussian Flux Inclastic / :
80 { / 7 1000~ +
fi i / -
60r } /! ) 500/~
El t tt ° 40_ H ﬂi!{*iifmii III | // ] 0: _l:_ I
ectiron scattierin S / -
) g 20 P A . : [T
separates different / AN ~500
. . ———p = === — . | St - C, . L L L L L
interaction types - 027714 16 138 2 2.2 504 06 08 1 T

02 04 06 08 1 12 14

0
E’(GeV True E__ (GeV)
known electron (GeV) °
energy Gaussian, E =0.75 GeV, u =0.075 Gaussian, E =0.75 GeV, u =0.075
7000 g_ -|_ 45.0<6 <67.5 6000 ;_ 225<0 <450
6000 —E = _I_ —aE
- — RES 5000 — RES
PRISM gaussian linear S000E — Tota sooof. — Tota
combination — allows 4000L” ook _|_
for separation of | senat 20005 o _|_
interaction types (See 20008 -
- - 1000}~
report by Amir Gruber) 100 : —+
oF o —
Eo o ey T R R R B B B
. 0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
Work in progress True E,, (GeV) True E,, (GeV)
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https://cds.cern.ch/record/2825413/files/SSP22%20Project%20Report%20-%20Amir%20Gruber.pdf

Itis not just a DUNE-thing!
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T2K Cross-Section Analysis with Multiple Detectors TZ/E\

UA| Magnet

Cross-section
measurements with multiple
NDs at different off-axis

8 Downstream
poDeca Dol EC! NN

positions
Different neutrino fluxes S /
WAGASCLI/ \Qf»
BabyMIND .
Break the ®x o degeneracy - /4 >
/ X
\
&
b // INGRID
Example: PHYSICAL REVIEW D 108, ‘, Y PARRC EP 11 Gi

112009 (2023)

Figure from L. Munteanu
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YPER
K Intermediate Water Cerenkov Detector (IWCD / nuPRISM)

 Additional near detector to measure different Hyper-K off-axis
fluxes — H?0O target!

* Produce mono-energetic flux through linear combination

Linear Combination, 0.9 GeV Mean Linear Combination, 0.9 GeV Mean

%10 B I T T T T I ] % I T T ] T T T T l

= s —— 1 Ring u Event Spectrum = 6000+ II — 1Ring u Event Spectrum  _|

% ! 1 Absolute Flux Error u°1 - ] ~ Absolute Flux Error

5 ) 5 ! —— Shape Flux Error

8 - —— Shape Flux Error i | . .

8 8 Statistical Error

L’E - Statistical Error LI>J 4000+ — NEUTQE —
5000 . i 1

Gaussian Fit
Fit Mean: 0.88 GeV

Fit RMS: 0.14 GeV

; — NEUT Non-QE

%’
T T T

arXiv:1412.3086v2 E, (GeV)
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SBND-PRISM

« Short Baseline Near Detector (SBND) is only 100m from the
Booster neutrino beam source — no movement!

* Different parts of the detector measure different off-axis angles!

View from the top le-7 Area Normalized
— OAA €[0.0°,0.2°)
SBND Detector o B —— OAA €[0.2°.0.4°)
” £ — OAA €[0.4°,0.6°)
opazls-w = — OAA €[0.6°,0.8°)
_ 44 i — OAA €[0.8°,1.0°)
o DT e o~ gl — OM €[10°,12°)
_____________ BAR DT E —— OAA €[1.2°,1.4°)
_____________________________ e — OAA €[1.4°,1.6°)
----------------------------- OAAZOT, Q
e R WHTE (o} Y Far Ofi-Axis
e R AR QAA=03°, I On-Axis
--------------------------------------- cm 3
------------- OAA = 0.0° Beamline -
___________________ > 2]

----------------------------- o =
------------------- » 5 ki i
________________________________ ) T oBND ation

---------------------------------------- > P4 u=zH
---------- 3 =
TN o s
SeeslidesbyJ). TTTTTTeeeeen > N e
Nowak for more 0.0 05 10 15 20 25 30
details Neutrino Energy [GeV]
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https://indico.cern.ch/event/1234324/contributions/5686731/attachments/2774163/4836066/SBND_Nowak_NuPhys_Dec2023.pdf

Summary and Conclusions

* Entering a new precision era of neutrino oscillations (DUNE + Hyper-K)
— 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!

* Planned usein DUNE and Hyper-K

* Demonstrated great potential in reducing cross section systematic
uncertainty and limiting the risk oscillation measurement bias
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Thank you for listening!
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Proton Energy Model Dependence

— GENIE 2.12.2 — NEUT — GENIE 3.0.6 NOvA CMC

— NEUT — GENIE 3.0.6 NOvA CMC

< 0.6_ x _
o —
O] - DT I o o
g - Ll -+
LLI> O 4____—_._____,_—'—_—:'__:: ............. E _—'— —+
AT —— G [T T
° - L — 1.2 _—i—_+_+ .................................................................................
I_E. | L i = N
VvV 02_:__ ............................................................................................................. % _ R L _+__|_—+——*—_'__'_ g
— c |
L A} 1_ ....................................................................................................................................
i w i
0 | | P B | A..5 | | P |
1 2 3 4 I_a 1 2 3 4
E, (GeV) v E, (GeV)
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Cross Section

d d
]

O N B O O a4 N H

)

© o ©

v cross section / E, (1 0% cm2/ GeV)

—h
o
—
—h
- F
o
L]
h.\
-
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Pion Decay Kinematics

x10~°

40

35

E, (GeV)
N

30

w
&I SIS B S S T NS TS

25

20

N

15

@, (cm? per POT per 1GeV)

—

10

o
SN

0 0.5 1 1.5 2 2.5 3 35 4 45 5
E, (GeV) E, (GeV)

37. 06/06/2024 Ciaran Hasnip | EDSU Tools 2024 I@




PRISM Prediction

2. Subtract predicted 3. Unfold near detector
ND backgrounds from effects (resolution and 6. Add FD backgrounds
data efficiency)

1. Take ND data

3
%
Pred. Event Rate per 1 GeV

4. Introduce far 5. Linearly combine ND

detector effects off-axis data with

(resolutions and corresponding
efficiency) coefficients

Off Axis Position (m)
1

-
=3
>

2 3 4 5 6 7 8 9 10
Reco E, (GeV)
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PRISM Prediction

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

4. Correct for nue/numu x-
section ratio

1. Take ND data

3
%
Pred. Event Rate per 1 GeV

5. Introduce far 6. Linearly combine ND

detector effects off-axis data with

(resolutions and corresponding
efficiency) coefficients
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ND Selection Efficiency
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FD Resolution (numu and numubar)
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Nue/Numu Cross Section Ratio
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Run Plans Weighting
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Extrapolated ND Data With Run Plans Weighting
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