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Anatomy of an Oscillation Analysis
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LBNF: The DUNE Neutrino Beam

e 2.3GeV peak energy, on axis, wide-band
e 120 GeV proton driver

e 11E21 POT/beam year

e 1.2 MW, upgradeable to 2.4 MW
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LBNF: The DUNE Neutrino Beam LED ZEPPELIN
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DUNE Near Detector Facilities
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DUNE Near Detector Concept
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DUNE Near Detector Concept
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o 4X S:
o Unprecedented FD event resolution and event rate!
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Inferring Oscillation Parameters
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e Shouldn't be too hard

o Sophisticated detectors
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Signature Oscillation Shape
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Inferring Oscillation Parameters .o
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Inferring Oscillation Parameters
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Inferring Oscillation Parameters .o
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e Cross sections are a big concern:
o Mismodelling
o = Misunderstood oscillated flux
o = Biased oscillation results

e Not clear this will be any different by the time of DUNE.
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Examples of OA: 12K
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Examples of OA: 12K
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Examples of OA: (V=TDR

DUNE v, Appearance
Normal Ordering

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

3.5 years (staged)

DUNE Yy Disappearance
sin%,, = 0.580
Am2, =2.451 x 107 eV?
3.5 years (staged)
—— Signal v, CC
v, cC

NC

EAPYYN Vy + Vy, o

One Line: Similar to T2K, simultaneous ND and FD ’
o V Jazz hands OA!
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Model-driven Extrapolation

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

e FErrorsin:

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

hY

|III Lt g

—— ND data
—— Base Simulation
—— Data-Driven Prediction

FD Events/1 GeV

Illllllllllllllll

s’

0 1 2 3 4 0
ND Reco Energy (GeV)

| E
10° ND Events 10° F/N Ratio P(v,—v,)

E. Smith, NOVA, NUFACT2019

FD Events

00 1 2 3 4
FD Reco Energy (GeV)

True Energy (GeV)


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

Model-driven Extrapolation

—y

e Why can we not just look at near/far ratio, even for functionally
identical detectors?

Nnear (Xobs) — /dxtrue Dnear (Xobs ‘Xtrue) Nta,rgU (Xtrue) (I) (El/)

N o \_ _J/

Smearing, Eff., Pur. Nrsin(Eevage)

-\ >y
~~ "

Nfar (Xobs) — /dxtrue Pfar (Xobsyxtrue) Ntargo- (Xtrue) o (El/) Posc (El/>

Smearing, Eff., Pur. Nrung(Xiviia)
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Model-driven Extrapolation

e Why can we not just look at near/far ratio, even for functionally

iIdentical detectors?
o Fluxes aren’t the same

Nnear (Xobs) — /dxtrue Dnear (Xobs‘xtrue) Ntarga (Xtrue) o (El/)

N 7 \_ J/

Smearing, Eff., Pur. Nrsin(Eevage)

Nfar (Xobs) — /dxtrue Pfar (Xobs’Xtrue) Ntargg (Xtrue) o (EI/) Posc (EV)

7 \\ -
~" "

Smearing, Eff., Pur. Nrung(Xiviia)
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Model-driven Extrapolation

e Why can we not just look at near/far ratio, even for functionally

Identical detectors?
o Fluxes aren’t the same

Nnear (Xobs) — /dxtrue Dnear (Xobs‘xtrue) Ntarga (Xtrue) o (EI/)

N 7 \_ J/

Smearing, Eff., Pur. Nrsin(Eevage)

Nfar (Xobs) — /dxtrue Pfar (Xobs’Xtrue) Ntarga (Xtrue) o (El/) Posc (EV)

~ - -~ -
Smearing, Eff., Pur. Nrung(Xiviia)
®
«

e But what if we could make them the same...



Interlude: Decomposing things
into sums of other things with
Math(s)
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Fourier Transform

1.5

e Complete, orthonormal
set of functions: complex
sinusoids.

e Decompose function to
integral over frequency
components.
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Discrete Fourier Transform - ¢
—~y < i
e Practically often use DFT! g
e Don’t have complete set: 2 05
o Available frequencies limited by discreteness E
o Decompose sequence as a linear sum of sines/cosines
%5 o 5 o

Time (A.U.)



Discrete Fourier Transform

5 T
- =
e Practically often use DFT! g
= L
e Don't have complete set: = 05k
o Available frequencies limited by discreteness E I
o Decompose sequence as a linear sum of sines/cosines
o Expressible as a linear algebra problem O_' T
=10 -5 0 5 10
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Arbitrary discrete feature analysis

—= . [
e Okay, what if we don’t want to use an >
orthonormal set: e.g. using gaussians? g
2 0.5
B_ L
&
<
o] i+ 5 [xol % 20 40 60 80 100
X[1] g 03:; x[1] X (A.U.)
X[2] g _6% x[2]
X3l _ 8 £ | x1
xia| — 0 xa
X[5] x[5]
X[6] | 40 60 x[6]
| X[7] | x[7]]

By Original by en:User:Glogger, vectorization by User:SidShakal. -
Hand-traced in Inkscape, based on
Image:Fourierop_rows_only.png., CC BY-SA 3.0,
https://commonswikimedia.org/w/index.php?curid=3570075



Arbitrary discrete feature analysis

—

e Okay, what if we don't want to use an
orthonormal set: e.g. using gaussians?

e Can still look for near-solutions to the now
generally ill-posed linear system

By Original by en:User:Glogger, vectorization by User:SidShakal. -
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Arbitrary discrete feature analysis

—

e Okay, what if we don't want to use an 2- T Lias
orthonormal set: e.g. using gaussians? 9
e Can still look for near-solutions to the now 2 0.5
. . Q— /
generally ill-posed linear system /g/
e Solution isn’t exact, but can be good enough O | ”“”1{ T |
[ xio] & 100 . S [ x10]] 0 20 40 60 80 100
X[1] § 80 o_z% x[1] X (A.U.)
X2l g o 0ss | X2 5‘ I
© S . r
X[3] =(5 40 0'4< x[3] $1OOT
X[4] x[4] 4 i
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PRISM:
Precision Reaction-Independent
Spectrum Measurement
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Off Axis Fluxes

e Neutrino beams mostly from decay-in-flight =
o Boosted decay kinematics result in lower energy neutrinos off beam axis.
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Off Axis Fluxes

e Neutrino beams mostly from decay-in-flight n
o Boosted decay kinematics result in lower energy neutrinos off beam axis.
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Off Axis Fluxes

e Neutrino beams mostly from decay-in-flight n
o Boosted decay kinematics result in lower energy neutrinos off beam axis.
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https://link.springer.com/book/10.1007%2F978-3-319-65040-1

Off Axis Fluxes

e Neutrino beams mostly from decay-in-flight n
o Boosted decay kinematics result in lower energy neutrinos off beam axis.
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https://link.springer.com/book/10.1007%2F978-3-319-65040-1

Off Axis Fluxes

e Neutrino beams mostly from decay-in-flight n
o Boosted decay kinematics result in lower energy neutrinos off beam axis.
o Exploited by T2K and NOVA to achieve narrow-band beam for maximal oscillation signal
at first oscillation maxima
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.012001
https://link.springer.com/book/10.1007%2F978-3-319-65040-1

Off Axis ND Fluxes

[T
e Multiple off-axis angles allow
sampling of multiple neutrino flux
shapes
9 - | R T T T T I-_:/
Q 5/ ——— 6=00 —
¢ [ _. ]
iy 4 _“ 1 0°
N ] S\ GOﬂptimnzedEngineered ov2017Review, v-mode, v
[ i— — _ () - !
A =15 E & I @f@ R & . @@
- ] - R S
: : 5 40 ; |
o] ] o - ‘ l
- l_ L
- ] S -
= ] D; 20+
N A o L
L _ o L
ST T S e Ty § (oubemmey |
Ey, (GeX) & E, (GeV)




L. Pickering 61

Off Axis ND Fluxes

e Multiple off-axis angles allow
sampling of multiple neutrino flux
shapes

Off axis position (m)
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Off Axis ND Fluxes

Off axis position (m)

Multiple off-axis angles allow
sampling of multiple neutrino flux
shapes

Neutrinos/cm? per GeV per POT i

FOT per 1 GeV)

@, (cm per

60
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Off Axis ND Fluxes

Multiple off-axis angles allow

sampling of multiple neutrino flux

shapes
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Off Axis ND Fluxes

Multiple off-axis angles allow

sampling of multiple neutrino flux

shapes
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Hmm...

s S Lo
: 1 .
e Those off axis fluxes look < o
almost like gaussians, | § " 5i
wonder... 2
E L
< O_ mwﬂlll_ _lrhun,
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X[1] § 80 o.s% x[1] X (A.U.)
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Hmm...

—- g
. D 1_ ILLHﬂlrﬁHJﬂ
e Those off axis fluxes look < |
almost like gaussians, | § " 5i
wonder... S 1
e Now for the bait and switch g o N
I T [
xio] t 5 [l 0 20 40 60 80 100
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Fitting the FD flux at the ND

%10-15 FD Oscillated Flux
e Use the fluxdistribution atthe NDto = | FD v, — v,
. . )
decompose an oscillated FD flux into 2,
a linear combination of ND §
21
measurements g,
1
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Fitting the FD flux at the ND

e Use the flux distribution at the ND to
decompose an oscillated FD flux into
a linear combination of ND
measurements

(I)near (E,,, Loff axis)
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Fitting the FD flux at the ND

%10-15 FD Oscillated Flux

e Use the flux distribution at the ND to
decompose an oscillated FD flux into
a linear combination of ND
measurements

- FD v, — v,
ND Flux Match

=
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Fitting the FD flux at the ND

%10-15 FD Oscillated Flux

e Use the flux distribution at the ND to
decompose an oscillated FD flux into

4 FD v, = v,
ND Flux Match

per GeV]

This is the key to the PRISM technique:
Constructing ‘interesting’ fluxes through the [
combination of off axis ND fluxes

] —
E, (GeV)

n
S

Linear combi

10 20 30
Off axis position (m)
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How does that help?

[
(I)near (El/7 Loff axis) X C= (I)far (EI/) Posc (Eu)
OGQ,. [é\,
Nnear (xobs) — dxtrue Dnear (xobs ‘Xtrue) Nta,rga (Xtrue) E 2
N A ~ QA?‘.S
Smearing, Eff., Pur. Niwe (Kevie) /)ro\‘

7\ = 4
" "

Nfar (Xobs) == /dxtrue Pfar (Xobs’Xtrue) Ntarga (Xtrue) o (EI/) Posc (Eu)

Smearing, Eff., Pur. Nrune(Xiviia)



How does that help?

(I)near (El/7 Loff axis) X C= (I)far (EI/) Posc (Eu)

N 7/ \_ _J/

Smearing, Eff., Pur. N ( Eerae)

Nnear (Xobs) — /dxtrue Dnear (xobs ‘Xtrue) Ntarga (Xtrue) o (El/)

7 N\ 7
-~ —

Nfar (Xobs) — /dxtrtle Pfar (Xobs’Xtrue) Ntargo- (Xtrue) (I) (EI/) Posc (Eu)

Smearing, Eff., Pur. Nrune(Xiviia)



How does that help?

If we had truly identical near and far detectors and used the
PRISM methOd to bUiId: (I)near (El/7 Loff axis) X C= (I)far (El/> Posc (Eu)

e Cross-section physics is not position dependent

e Then when we have the right oscillation hypothesis:
o Signal event rate is the same near and far!

2

Yy,
(&
Nnear (Xobs) — / dxtrue Dnear (Xobs ‘Xtrue) Ntarga (Xtrue) > %@1
N " -\ -~ Q‘b&)

Smearing, Eff., Pur. Nint (%ee) Y

Nfar (Xobs) — /dxtrue Pfar (Xobs ’Xtrue) Ntargg (Xtrue) o (EI/) Posc (EZ/Z

v -
—_—

"
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Remaining complications

—y

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

o Making event rate predictions

o Extrapolating observable quantities

o Imperfect FD flux matching

o Matching FD v_appearance spectrum
o ND and FD backgrounds

o ND/FD selection and reconstruction differences



Remaining complications

—y

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

o Making event rate predictions



Building a far detector prediction

—

Previously: Matching flux

predictions.

Off axis position (m)

30

Flux
20 1

10

Predicted ND

E, (GeV)

[5]
&)
H
®)
[a W)

)

cm per

il

s

w

[}
L

—
L

x10

(9%}
o

[\=)
S
Neutrinos/cm?® per GeV per POT b

—
(=]

>

13} 0g 14 02 Sl o]}
T T T T T T T T T I

(w) uonisod sixe 4O

|

Off axis Coefficient

S
TTTTTTTTTIT

FD Oscillated Flux

10-15
—— FD v, — vy
ND Flux Match
Predicted FD
Flux
i k) 8 10
E, [GeV]



Building a far detector prediction

[

—

e Previously: Matching flux
predictions.
Now:
Combine measurements
taken at off axis ND positions
with the same coefficients.

Off axis position (m)
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ND Event Rate

FD Event rate/POT
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Remaining complications

—y

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

o Extrapolating observable quantities



Which observables?

—] [

e F[ar detector prediction built from combinations of ND data

o So far, only used positional information to do propagation.
o Can build FD prediction in any ND-accessible observables!
m e.g.reconstructed energy

FD Event rate/POT

>
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Remaining complications

—y

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

o Imperfect FD flux matching



High energy flux match

[
e Have trouble matching flux much above
the on axis peak.
>
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High energy flux match

[T
e Have trouble matching flux much above
the on axis peak.
o DUNE is on axis
o Moving off axis lowers the peak energy
>
X107~ o I
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High energy flux match

Have trouble matching flux much above the on axis peak.

@)

O

O

DUNE is on axis
Moving off axis lowers the peak energy
Fill in the mismatch with FD MC

4000

2000

Event rate / 3.5 yr per GeV

n

— Total FD prediction
Linear combination

FD flux fit correction




High energy flux match

e Have trouble matching flux much above the on axis peak.

o DUNE is on axis
o Moving off axis lowers the peak energy
o Fill in the mismatch with FD MC
o Second minimum largely uncorrected _
o Most correction above first maximum i
I Total FD prediction
4000~ Fl Linear combination

, 1/ — FD flux fit correction

Event rate / 3.5 yr per GeV

2000— 1

ﬁ MICHIGAN STATE I



Remaining complications

—y

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

o Matching FD v_appearance spectrum



Fixing for an appearance

— _ 10-15 FD Oscillated Flux
3 41 FD v, = v,
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Fixing for an appearance

— _ 10-15 FD Oscillated Flux
3 41 FD v, = v,
e For appearance, cannot B, N Pl Match
H
match NDv_= FDv_ FD v, v,
e |nstead: ”1
o UseNDv sample jo : : ,
. n 2 1 6 8 10
o Build appeared FD v_ flux E, [GeV]

e More in a few slides... g
—— FDv, = v
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Remaining complications

—y

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

o ND and FD backgrounds

o ND/FD selection and reconstruction differences



Remaining complications

—

[T
_ x10°_
e Sofar we have just been talking about £ .
. . ks &
sighal, and assuming ND and FD are g 04 B
c . 5 e A
functionally identical. = O
N .
e Extra steps heeded: £ 0273
o Add FD backgrounds
o ND/FD efficiency differences
o ND/FD reconstruction differences. _ ><106:
g 0.2 -7
g 2
= 0.155
2 2
% - 0.1 g
o) 0.053
wn
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Remaining complications

—

[T
P =T | am "d " L] . j ><106g
e So far we have just been talking about £ 0r puEniL-n NCevent 1 106 5
) ) 8 P E..‘ra_\t? at NP 2
sighal, and assuming ND and FD are g 5 EERes Yl 8
. . . & L T HE
functionally identical. 2 AT 2
e Extra steps needed: g 10 ol 02 3
o Subtract ND backgrounds ol ; e
o Add FD backgrounds 0 2 4 6 ERC§ G Vl)O
(3

o ND/FD efficiency differences '

o ND/FD reconstruction differences. _ — _ ><106:
g/ 30_ h ] . rong 0.2 5
£ il signevent| | s£
g 20 . ..« rateat ND- 3
2 o ) 0.1 82
é ol .:-.-". .-I:. i g
S . 0.053

.-.:-_._ - |90]
o 2 d 6 0 0
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PRISMing it all together...

MICHIGAN STATE (\

NEUTRINO



Off axis position (m)

The PRISM prediction

[T
g T T T T T T T T T
- 500 [ Scp =7, [Amaz|? = 2.3 x 107%eV, sin?(f3) = 0.52 ]
e Rearranged ND data to make £ ; {%h ND extrapolated data :
(5] - Yo .
. . > 400 | i FD flux correction ]
= L
up most of the FD prediction I FD NC background :
300 | i FD W.S. background ]
L T i
i ¥ 1 ———— Far detector data
200 |, ] ]
. T{l PRISM
100 [ § d % v_Disappearance -
wrs Off axis Coefficient :._H‘H
A0 ek imwa O
30 g Eoooc:oc:oooé O Rec PrOXy
25 Measured E o T ’ Ey (GeV)
20 ND Event Rate g of J
15 a L — —
;‘_f |

10

0

8910
True E, (GeV)
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e
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The PRISM prediction

[T
k= ]
< [ Sop = T, |Amas|? = 2.3 x 107%eV, sin*(fa3) = 0.52 ]
~ 500 7

e Rearranged ND data to make £ : {%% ND extrapolated data ]
t ofthe FD dicti é) 400 E '}' FD flux correction ]
Up most o c prediction . ot FD NC background ]
o PRISM extrapolation translates 300 [ 1 FD W.S. background .
unknown modelling errors from : ] Far detector data. ]
ND to FD! 200 ¢ i i PRISM ]
o Do not require a satisfactory 100 F R § : By Disappearance ]
model fit at the ND to do this! - 5 L
0 ) |

Egiec. Proxy (GeV)
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The PRISM prediction

—] —
i=
= so0 | Scp =7, [Amaz|? = 2.3 x 107%eV, sin?(f3) = 0.52 ]
e Rearranged NDdatatomake £ | & ND extrapolated data 3
5. . L r o FD flux correction ]
up of the FD prediction & *® ;& FD NC background :
o PRISM extrapolation translates 300 | 3 FD W.S. background .
unknown modelling errors from L § Far detector data '
ND to FD! 200 F g B PRISM ]
. . T & :
o Do not require a satisfactory 100 [ F 3 ﬁﬁhﬁ v Disappearance ]
model fit at the ND to do this!  § g
e Key OA difference: % 1 5 & 4 E 6 = 8 8§ 10
o In previously described OAs, the EReC Proxy gey)
whole FD spectrum would be the
great grey blob...
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The PRISM prediction

—
% 500 5 Scp =7, [Amaz|? = 2.3 x 107%eV, sin?(f3) = 0.52 ]

e Rearranged ND data to make Z ; {%h N exirapalaied data ]
up of the FD prediction @ 40| B iﬁ i‘?ﬁjﬁ@jﬁﬁ; ;

o PRISM extrapolation translates 300 _ 1 1.}- FD W.S. backeround _
unknown modelling errors from S Far detector data, ]

ND to FD! 200 5 A PRISM ‘

o Do not require a satisfactory 100 b i *@ M&m v Disappearance i
model fit at the ND to do this! - T o R
e Key OA difference: % 1 3 3 4 5 & % 8 @ io

o In previously described OAs, the EReC Proxy gey)

whole FD spectrum would be the
great grey blob...

e We will return to the grey blob in a few slides.
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Okay, so nhow for the power

e What if the model is wrong and you
missed it?

e Can imagine a world where the ND
data fits well but EY_ =FE" _is
wrong.
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Okay, so nhow for the power

- x10°

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

e What if the model is wrong and you
missed it?
e Can imagine a world where the ND

o
N
T T T

o
1I\|J||

Event rate / (1.1x10?"2) POT

data fits well but EY_ =FE" _is on axi L
I N axis
wrong. o . \H\\
. 2 4 Dep. 6
e Case Study: Erec. (GEV)

o Move 20% of proton KE to neutrons but
on-axis ND fit still works well
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Okay, so nhow for the power

-

What if the model is wrong and you
missed it?

Can imagine a world where the ND
data fits well but EY_ =FE" _is
wrong.

Case Study:
o Move 20% of proton KE to neutrons but
on-axis ND fit still works well
o We can see the problem if we go off axis

o
>

<
N

Event rate / (1.1x10?"2) POT

40

30

20

10

Event rate / (1.1x10?/16) POT

2 T T

x10°

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

EL (GeV)

Rec.

4 m Off axis |

4 ’D 6
Ecol (GeV)

Rec.
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Okay, so nhow for the power

e What if the model is wrong and you

missed it?

e Can imagine a world where the ND

data fits well E”Tru =EY

o Obs IS Wrong.

e Case Study:

o Move 20% of proton KE to neutrons but
on-axis ND fit still works well
o We can see the problem if we go off axis

V[

x10°

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

o
N
T T T

o
4I\|J||

Event rate / (1.1x10?"2) POT

- I On axis \\\\

% > i s

Erer (GeV)

5 12 m Off axis

T 30
S 20]
N
= 10f
() L
[

5 % -

m Ecor (GeV)
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Okay, so nhow for the power

Event rate / (1.1x10%"2) POT

©
AN
T | T

o
N T T

x10°

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

On axis

=

Dep
Rec

(GeV)

2 4 6

~ x10°

O I 4 m Off axis

L 40~

© i

5~ 30F

o -

= 20F

o 10-

T L

s % 2 * o g
1) E-.. (GeV)
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Okay, so nhow for the power

Event rate / (1.1x10%"2) POT

©
AN
T | T

o
T N‘) T T

x10°

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

On axis

O T T

Eoo® (GeV)

Rec.

x10°

LW
o

N
o

T T T T | T T T T | T T T | T

—
o

OO

Event rate / (1.1x10°"/16) POT

12 m Off axis

\

Dep. 6
Er.. (GeV)

Rec
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Okay, so nhow for the power

- 3
. x10
o 28 m Off axis
x10° a i
= Selected ND (5.2e+04 events) —~ br
8 | =—  Sel. 20% Missing Proton Energy O -
S0 =~
< 0.4- . L
= — 4F
N <
02 - |
o | : T 2F
g I On axis o i
c - L T .
s Y% 2 4 6 m I
N Eney (GeV) = 0-
o O
>
LL
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PRISM Prediction

S —
£ 20% Missing Proton Energy
2 S00F EI])) felxtrapolated data 1
3] [ ux correction :
e The NDand FD ‘data’ hasthis & *%} IEB %Ivcsb%%lé %‘}‘é‘lﬁd _E
missing proton energy 300¢ — FD prediction (Nom)
applied: 200! Far detector data ;
' 1 PRISM ;
o MC corrections don't 100 v_Disappearance ]
e PRISM does its job! Get the : " ]
feed-down correct by using 071 2 34 s 6 7 % 9 1o
Rec. Proxy
the ND data! E, (GeV)

o Without invoking a
cross-section model!

fr” MICHIGAN STATE
UNIVERSITY




PRISM Prediction

‘ , . 2 54 DUNE Sensitivity B 7 years (staged)
e The ND and FD ‘data’ has this . All Systematics 10 years (staged)
5 c - . 15 years (staged)
MIssiNg proton energy 2'52: Normal Ordering s Nominal Fit
; L sin?20,, = 0.088 unconstrained On-axis Only Example:
a p p | | ed 2.5 :_ 90% C.L. (2 d.o.f.) Shifted visible energy
o MC corrections don't o~ 2.48F T et Value
. . (=) E
e PRISM does its job! Get the = Dank
feed-down correct by using > 2445 :
the ND data! |
. . . 3 2.42F
e With an on-axis-only analysis x
would have biased 24
parameters a3
2.36-

0.4 0.45 .0.25 0.55 0.6 0.65
UNIVERSITY Sin“0,,
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PRISM Prediction

e The ND and FD ‘data’ has this
missing proton energy
applied:

o MC corrections don't

e PRISM does its job! Get the
feed-down correct by using

. NI a1

Events / bin

500

n
-
o

300

200

100

...........................................

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

PRISM

v, Disappearance

This is why | think PRISM is worth

doing!



vPRISM

L. Pickering 106

J-PARC beam for Hyper-K.

e J-PARC PAC Proposal

80000

1e21 POT)

60000

100 MEV

Flux/[cm®
»
o
o
o
o

20000

B - —— Oscillated SK flux

- - sin’e, = 0.4
Am®  =2.41e?

—— NuPRISM flux fit

arXiv:1412.3086 [physics.ins-det]

0 02 04 06 0.8 1 1.2 1

4
E, (GeV)

DUNE-PRISM born out of earlier work to build 40
a mobile Water Cherenkov detector in the

Events

: Oscillated SK events
4 +
C I Veasured NUPRISM events
3.5} - NuPRISM acceptance correction
- Fitted flux difference correction
3L I Non-CCox background
25—
15—
0.5F

3 DEEP UNDERGROUND

1.5 2 25
Reconstructed neutrino energy (GeV) NEUTRINO EXPERIMENT


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

Pre-emptive Answers to Questions
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Expected Questions

e Flux fit correction seems a bit large dunnit?

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

e How doyou do an appearance analysis...?

e Can you build any other interesting fluxes?

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

e Right, but do the flux uncertainties still cancel?

r‘ MICHIGAN STATE
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Expected Questions

e Flux fit correction seems a bit large dunnit?
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Flux Misfit Correction

Elephant in the room

Events / bin

N
)
o

100}

5 005 20% Missing Proton Energy

300 ¢

200F

ND extrapolated data
FD flux correction :
FD NC background ]
FD W.S. background :
—— FD prediction (Nom) ]
Far detector data

3 4 5 6 7 .8 9 10
Rec. Proxy

E, (GeV)
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Flux Misfit Correction

= r ' ' j ! i ' T ]
£ _ I 20% Missing Proton Energy 2
z d00¢ ND extrapolated data ]
5 : FD flux correction :
@ 400F FD NC background ]

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

200 F .
100 |- v .
0 L 1 1 I = I L 1 I 1
0 1 2 3 4 5 6 7 & SP 9 10
Evec. roXy ( GCV)
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Flux Misfit Correction D Oseillated Fli

x10~15
| —
f: 4 FD v, — v,
. o i}
Elephant in the room 2 ND Flux Match
. e
Remember: This happens S
. Q-‘ ¢
because no fluxes peak higher i
than the on-axis flux 1 )
T 2

0 9 4 6 8 10
E, [GeV]

__x10”
> 60 "OptimizedEngineeredNov2017Review, v-mode, v
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T o 9
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Flux Misfit Correction D Oseillated Fli

- x10~1
? 4 - FD v, — v,
. (v i}
Elephant in the room 2 ND Flux Match
. 3
Remember: This happens S
. Q-‘ ¢
because no fluxes peak higher i
than the on-axis flux T 5
e But what if we used some that s, L W @ |
. 0 2 1 6 8 10
did? E, [GeV]
X107
§ 60 "OptimizedEngineeredNov2017Review, v-mode, v
el |
G el &
~— - ‘b‘b‘l,@ \\\ 9
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Special Horn Current Runs

Can make flux predictions under

different beam conditions:
o e.g.Varied horn currents
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Special Horn Current Runs

—] [

e Can make flux predictions under

different beam conditions:
o e.g.Varied horn currents

é "OptimizedEngineeredNov2017Review, v-mode, v
= 3l 3.3 Off axis

~ 50 = oo ND

S’ 60optimizedEngineeredNov2017Review, v-mode, v <C - [\ 2.0 Off axis

3 - Ay A S o= -

© :@“"196\ *9& GQ & 2

— T aPq AN o)) - |

g 400 | l ST 1.0’ Off axis

— - —

o O T SR

_ 20? "CB' i

3 o i

C\IJ O | . | . | |

E o 0 2 4 6 8 10
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Ratio to 293 kA FD flux

Special Horn Current Runs

Can make flux predictions under
different beam conditions:

@)

e.g. Varied horn currents

IwT

[\)
IIIII

—
ll]l

()

"OptimizedEngineeredNov2017Review, v-mode, A

FD

OIIII

E, (GeV)

Ratio to 293 kA 0 flux

"OptimizedEngineeredNov2017Review, v-mode, v

ND

- | 3.3 Off axis
3

~|[\ 2.0 Off axis
20

I 1.0 Off axis
1
O_ el

0 2



Special Horn Current Runs

— ¢ D.Douglas, T. Lord
. . C. 4 i - — FD vy, =y, :
e Can make flux predictions under MR Off-axis Only (293 kA) |
i crs By £ |3 303 kA -
different beam conditions: S 2t i |
o e.qg. Varied horn currents £ N :
E, oY N N S| 5
e Seemsto really change the game o ;
in terms of reducing the need for St o] |
A5 -10% 11, !
=l 20% M '
FD MC! ( 0 2 4 6 8 10
E, [GeV]
é pptimizedEngineeredNov2017Review, v-mode, v,
= I | 3.3 Off axis
:)O 3?
<< |\ 2.0 Off axis
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S 2
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o
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Special Horn Current Runs

—~- ~ xpv  D.Douglas, T. Lord
. . ’f,: 4 i - — Dy, >, |
e Can make flux predictions under A Off-axis Only (293 kA) |
: e = T E | 303 kA '
different beam conditions: s, 1
o e.g.Varied horn currents ; 1- 'N :
B 0-“‘!1 L B
e Seemsto really change the game o |
in terms of reducing the need for SE o] |
a8 -10% 14 !
| =" -20% i ‘
FD MC! ( 0 2 4 6 8 10
E, [GeV]
1 Only need a Slngle eXtra Oon-axis 3 rOptimizedEngineeredNov2017Review, v-mode, v,
sample: minimal disruption of FD o 3>
o << r[[\ 2.0 Off axis
data taking. 2 o
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o T\ s
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Expected Questions

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

over the whole allowed space?
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Does it work everywhere?  mvitvourser

| |

%1010

NuFit 4.0
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http://ursaminorbeta.org.uk/neut/osc/osc.html

Does it work everywhere?  mvitvourser
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http://ursaminorbeta.org.uk/neut/osc/osc.html

Does it work everywhere?  mvitvourser
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http://ursaminorbeta.org.uk/neut/osc/osc.html

Does it work everywhere?  mvitvourser
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Does it work everywhere?

Try it yourself!
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser
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Does it work everywhere?  mvitvourser

—- =
%1010 .

491 | sinfys = 0.4, Am3, = 2.2 x 103

FD v, — v,

‘ —— Off-axis Only (293 kA)

—\ 303 kA

NuFit 4.0
T2K2018
NOVA2018

o

® [em~2 per POT per GeV]
b

1

I

|
20% A :
10%' . :
0% 1 Wt
10% 1|
'20(%3 7 : ! |
0 2 4 6

E]/ [GC\.]

D(unosc.)

S

N D—FD{osc.)
F

"t_\,_>
, \\\
‘}
/

m_

10

NEUTRINO

g~ MICHIGAN STATE
R A


http://ursaminorbeta.org.uk/neut/osc/osc.html

—

Expected Questions

e How doyou do an appearance analysis...?
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Fixing for an appearance

—

For appearance, cannot
match ND v, = FD v,

INnstead:

o UseND v, sample
o Build appeared FD v_ flux
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Fixing for an appearance

-

e For appearance, cannot
match ND v, = FD v,

e |nstead:
o UseND v, sample
o Build appeared FD v_ flux

e Have to correct for
electron/muon
reconstruction &
cross-section differences.
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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

UNIVERSITY o 41 2 3 4 5 6 7 8 9 10 0
E, (GeV)
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ND fits s

—— Target Flux
—— Off-axis Only

-

e Sample ND v_flux while
scanning off axis angle.

e v_produced in 3-body decay:
relative rate rises off axis. ol — |

o Match ND v, to ND v, / 18/‘ /\M\ |

e Use to check simulation of S "' 1
cross-section and
reconstruction for v, andwv,_in
a similar flux

® [cm~2 per POT per GeV]

Ve)

ND(ve)

ND-ND(

(m)

Off-axis postion

5 MICHIGAN STATE DUNE Preliminary

UNIVERSITY 0 1 2 3 4 5 6 7 8 EV(Ge\;)O
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Expected Questions

e Can you build any other interesting fluxes?

\
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Narrow-band fluxes

x1078

e Also of interest to construct
narrow band flux
Mmeasurements.

ﬁ MICHIGAN STATE

Fluxes up to 33m

(\ NEUTRINO



10° ND Events/1 GeV

True Energy (GeV)

Narrow-band fluxes 10

4. Fluxes up to 33m

e Also of interest to construct fine

band flux measurements.
o Can be used to probe the ‘true’
reconstructed energy bias and
inform simulation improvements

) 3 E. Smith, NOVA, NUFACT2019 E
) ; —— ND data q. 3
. Base Simulation _ © %
. 5 Data-Driven Prediction 4= 2
3 E : E[3 (3 N -
' L ] S |2 R
- 3E E El3 El3 m 3B
e E E|3 | —
= = 3 E|3 = ==
> : - - 3 . (\ NEUTRINO

1 2 3 4 3 12 1 2 3 4
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio Pv,—>v,) FD Events FD Reco Energy (GeV)


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

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

\
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Near/Far Differences

e Must correct for differences in
ND/FD selection.

e \Want to avoid asking the
simulation everywhere possible.



. @@ Hadronic Sh
Near/Far Differences  ~_ muons

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

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

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

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

symmetry transformations




Near/Far Differences

e Must correct for differences in
ND/FD selection.

e \Want to avoid asking the
simulation everywhere possible.

e An idea: develop data-driven

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

e Which events do | select at the
FD and never see at the ND?
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Near/Far Differences

Must correct for differences in
ND/FD selection.

Want to avoid asking the
simulation everywhere possible.

An idea: develop data-driven

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

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

Also have to account for
resolution difference ND/FD.
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Expected Questions

e Right, but do the flux uncertainties still cancel?
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Difference

((1)‘» — (I)A\-)/’(I) FD

Flux Uncertainties

£0.10-

0.05+
0.00+

—0.05 1

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

Here: hadron production uncertainties:

o e.g.two specific systematic universes

PPFEFX Universe 20

0.05+

0.00+

ND
FD

el = = = = = e = = = = R S SR B PR = - —

10

FD.unosc

(‘I’l' e ‘I’A\')/"I’

Difference

0.00+

—0.05 1

—0.10 1

—0.151

0.05

0.00+

—0.05 1

PPFX Universe 25
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!
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1
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i
E
1
L T
4 6 8 10
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Flux Uncertainties

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

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

e Here: 100 universes used in the TDR analysis

PPFEX Throw Fit Mismatch

10



Flux Uncertainties

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

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

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

\ PPFX Throw Fit Mismatch
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Join DUNE-PRISM!

e Lots of simulation and analysis investigations still to do

e |Ifyou are:

Interested in the technique,

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

Or have great ideas for a logo...

e GCetin touch!

0O O O O

K. Mahn

L. Pickering G. Yang D. Douglas C. Vilela T. Lord M. Wilking



Summary

- . X0
. . o) 28 m Off axis
¢ Having measurements off axis o
. s O ———  Selected ND (5.2e+04 events)
Is very powerful: very hard for a I || = el 20% Missing Proton Energy
. . o —
wrong model to predict high X 4r
stats measurements over such a = J
range of energies consistently g [ wam__
- B A S
H o
e The PRISM technique uses that 2 2 (GeV)
power to build an OA that is £ s e A A A
. 2 g 20% Missing Proton Energy
robust even to things you don't P ND exirapolated dita
know are wron 1 L%) 400¢ | FD ngtf;CrlI(-ecliOllOllr’lld
g: IR FD W.S. background
300 ¥ — FD prediction (Nom)
ook 4 Far detector data
100 :
g~ MICHIGAN STATE QUi T o meme——
UNIVERSITY Rec. Proxy
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Thanks for listening
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Parent Species Off axis.
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Concrete Example: NOVA

—

N

Nnear (Xobs) — /dxtrue Pnear (Xobs|xtrue) Ntargg (Xtrue) P (El/)

~"

‘ ¥ Smearing, Eff., Pur. Nint (Xtrue)

7

Nfar (Xob\) — /dxtrue far (Xobs|xtrue targU (Xtrue) o (EI/) Posc (Eu)

"

ur. NInt(xtrue)

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

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

s E dE = i s
[ — - — —] ©
S k E F ] ¢
8 F E E 5 = OO
e : " R
] = B | = - o ., u
[ = - [
=] F 3 =
r: i - - e - [

‘‘‘‘‘‘

112 0 1 2 3 4
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio Pv,—v,) FD Events FD Reco Energy (GeV)

" MICHIGAN STATE E. Smith, NOvA, NUFACT2019 (VE \eraino

UNIVERSITY


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

Concrete Example: NOVA

-
Nnear (Xobs) = /dxtrue Dnear (Xobs|xtrue) Ntarga (Xtrue) P (El/)
N ~~ - \\ ~ _/
Smearing, Eff., Pur. Ny (KEiwage)
Nfar (Xobs) — dxtrue Dfar (Xobs|xtrue) Ntargg (Xtrue) ® (EI/) Posc (Eu)
N 7 No =4
TV
aring, Eﬁ\\Pur. \/’
—— ND data
§ 3 3 —— Base Simulation _w%
2 .F = Data-Driven Prediction 3- L”o?
ND Reco Energy (GeV) ] 10° ND Events 10° F/N Ratio - Pv,—v,) " FD Events " FD Reco Energy (GeV)
o, MICHIGAN STATE E. Smith, NOVA, NUFACT2019 A
UNIVERSITY NEUTRINO


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

Concrete Example: NOVA

—

r "
§\
(5

[T

e |fthe models predicting Observable » True mappings

are wrong then it is likely that inferred oscillation

parameter constraints will also be wrong.
e .. Sowe needthem to be right!
: E E —— ND data 3 : 8 FDMCm ' '
g F E —— Base Simulation 3 E g s F E
? 2 3 Data-Driven Prediction E 3 ug I F— Al
? ok E . : € [—wmeC E
3 )f' T8 F—res E
g é_ |3 _ il ’. _§ < F—obis -

ND heco?Ene:gy (éeV) 10° ND Events 10° F/N Ratio ; P(v,>v,) v FD Events ’ FD hecozEne:gy (éeV) _; _0,5 T . 0-5

MICHIGAN STATE
UNIVERSITY

E. Smith, NOVA, NUFACT2019

(Reco - True)/True

J. WoIcottL(NOvA, N UERETD018

NEUTRINU


https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
https://indico.phys.vt.edu/event/34/contributions/710/attachments/607/771/2018-08-17_Wolcott_XS_unc_on_NOvA_osc_-_NuFACT.pdf
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Hand Picked Fake Data
h INTRODUCTION C. Vilela: DUNE Jan 2019

®* 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
E = E, +Wﬂ\ = M) +

Sum over knock-out nucleons: Sum over mesons:

* Neutrons! * If undetected, ~m, ., bias!
* How many? * How many?

* How is energy shared? * 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.

fr' MICHIGAN STATE i GRO
& DRXVE L uwmonoun

UNIVERSITY


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

Multivariate ReWeighting  _ ... cuc 000

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

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

G VICCRERSEEhaTe

UNIVERSITY

MULTIVARIATE REWEIGHTING

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

* Lepton energy, energy deposits due to protons, mts and m°.
lep
E
® Efec and Yoo (=1 — reC/EV )-

rec

® Oscillation analysis uses these variables.

® 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/Pshifted — 1 to shifted events

results in a distribution that looks just like the nominal.

(\ NEUTRINO


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

Missing Proton Fake Data

L. Pickering 155

C. Vilela: DUNE Jan 2019

rec
El

dep
EY

MULTIVARIATE REWEIGHTING
NOMINAL, SHIFTED
® Apply -20% shift in proton deposited energy.

v

dep
h Eproto

\

P

D

¥ 5 ¥ 8§ §

¢ Changes Efye = E;'ec.—\

v
v v
e Erec - Etrue

v
Etrue

£ ey [
DUNE Collaboratior

R

o
n Meeting

Train BDT to distinguish between

and
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events.

v302019

o

y

= &=

Erec [GeV]

Epten

MULTIVARIATE REWEIGHTING
NOMINAL, SHIFTED, FAKE DATA
® Apply -20% shift in proton deposited energy.

® Apply BDT weights.

Erec
l
10 Edep
10 7'ri
SB 10’
¢ )
QQ

9, ¢, 9, 0

® Recover distributions but not Ef-.

v
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dep 750
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https://indico.fnal.gov/event/16764/session/14/contribution/51/material/slides/0.pdf

MO4R OBSERVABLES!

—
e There are limits to this AN TRANSVERSE VARIABLES,
technique, but they're much )\ | RENHEIGHIED
further off than WT%J |
multi-dimensional histogram | 8 les %h‘%
reweighting. N o
e |t's still reweighting, cannot . WA= @ (\
change total phase space. A B A EL.
e Doesn't always produce a ABLA A Bl N
consistent model, for medium N e W Ce : \
sized sets, weights can be ERECN . W N N N -
noisey. ol = -
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UNIVERSITY
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Special Horn Current Runs

—~- g D. Douglas, T. Lord
. . C . E : —— Target Flux i
e Can make flux predictions under - j i Off-axis Only |
. .. 231 200 kA ;
different beam conditions: 5 y 2004 250KA
o e.g.Varied horn currents g 4 “\ ] 20 :
N ' jj 5 e 303 kA !
R \__~" ——— B
e Seems to really change the game = /“ ' |
i 2()(‘] T ="\ :
in terms of reducing the need for S5 0% | | \ E
FD MC! <SRl | — | SR i
0 2 4 6 8 10

E, [GeV]

e Only need an on-axis sample:
minimal disruption of FD data
taking.

g’ MICHIGAN STATE
UNIVERSITY (\ NEUTRINO



Model-driven Extrapolation

e If modelisn’t correct:

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

T2K\

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

—



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.91.072010

