Future uncertainties for oscillation experiments

Laura Munteanu (CERN)
ECT*, Trento

22 October 2024




Are we prepared for future experiments?

Experiment v, events v, events Vv, events v, events SYS(;CI:E?UC
,@ 384 106 181 32 ~5%

22.10.2024

Laura Munteanu - ECT*, Trento



https://arxiv.org/abs/2303.03222
https://agenda.infn.it/event/37867/contributions/233955/attachments/121832/177712/2024-06-17%20Wolcott%20NOvA%202024%20results%20-%20NEUTRINO.pdf

Are we prepared for future experiments?

Experiment v, events V, events v, events V, events SYS(;‘:;E?UC
T2\ 318 137 94 16 ~5%
@ 384 106 181 32 ~5%
YPER
HK ~10000 ~14000 ~2000 ~2000 ?
(\ ~7000 ~3500 ~1500 ~500 ?

22.10.2024

Laura Munteanu -

ECT*, Trento


https://arxiv.org/abs/2303.03222
https://agenda.infn.it/event/37867/contributions/233955/attachments/121832/177712/2024-06-17%20Wolcott%20NOvA%202024%20results%20-%20NEUTRINO.pdf
https://arxiv.org/abs/2002.03005
https://arxiv.org/abs/1805.04163
https://arxiv.org/abs/1805.04163

Are we prepared for future experiments?
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Can delay physics results by
several years.

Or prevent them altogether!
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Are we prepared for future experiments?

Experiment v, events V, events v, events V, events Sys(:relfgitlc
T2K\ 318 137 94 16 ~5%
«© 384 106 181 32 ~5%
YPER
MK ~10000 ~14000 ~2000 ~2000 Need ~1-3%
u(VE ~7000 ~3500 ~1500 ~500 Need ~1-3%

Need dedicated, focused effort in order for future experiments
not to be pre-maturely limited by systematics

22.10.2024

Laura Munteanu - ECT*, Trento


https://arxiv.org/abs/2303.03222
https://agenda.infn.it/event/37867/contributions/233955/attachments/121832/177712/2024-06-17%20Wolcott%20NOvA%202024%20results%20-%20NEUTRINO.pdf
https://arxiv.org/abs/2002.03005
https://arxiv.org/abs/1805.04163

Finding the culprit
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The description of neutrino-nucleus interactions is the dominant
source of systematic uncertainty for oscillation measurements

22.10.2024 Laura Munteanu - ECT*, Trento


https://arxiv.org/abs/2303.03222

Ok, we need 1-3%... but on what?

The physics of the largest sources of uncertainties:
1. Beyond PWIA physics
FSI and impact on hadronic system

2
3. Ve/v, differences
4

SIS/hadronization
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Physics beyond PWIA

Plane Wave
Interaction happens with a which exits without “feeling” the nucleus (no RPA or FSI)

W High energy transfer

w

Low energy transfer

Phys. Rev. C 70, 055503

Collective effects in the
nucleus (~“RPA”)

Graphics from S. Dolan
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Physics beyond PWIA
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Plane Wave
which exits without “feeling” the nucleus (no RPA or FSI)

Built in to the way neutrino interaction generators work
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Phys. Rev. C 70, 055503

Collective effects in the
nucleus (~“RPA”)
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Phys. Rev. D 106, 073001
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Physics beyond PWIA

Models differ significantly in their predictions...
Different physics (v, on C)
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Physics beyond PWIA

Models differ significantly in their predictions...
Different physics (v, on C)
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Physics beyond PWIA

Models differ significantly in their predictions...
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Phys 1 CS b ey0 n d PWIA Not shown here, but also different in ve/v”

ratio (see Phys. Rev. D 108, L031301)

Models differ significantly in their predictions...
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Physics beyond PWIA

Models differ significantly in their predictions...

D

ifferent physics (v, on C)

Impact o_n w/Vu

Phys. Rev. D 106, 073001

Not shown here, but also different in v, /v,
ratio (see Phys. Rev. D 108, L031301)

Impact on C/Ar ratio
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Physics beyond PWIA

Do we see it in our measurements? Yes! And it can cause problems...

J
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Has large impact (~100%

Shows up in experimental measurements in of syst. error size) for
regions sensitive to low energy transfer oscillation measurements
(e.g. high cos6,, low proton momentum/E 41, (TZK/T2K+SK atmo )

py close to flux peak etc.)
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Who needs to care about this?

In principle, everyone, but mostly if regions of low energy transfer
impact your physics of interest

w <100 MeV
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*in principle, some FSI physics is related to previous topic of physics beyond PWIA

FSI* and the hadronic system

Referring to the effect of intra-nuclear cascades (INC)
How does FSI impact oscillation measurements?

Will discuss impact on:
* Neutrons

* Pions

* C(Clusters/de-excitation

|

FSI also has a significant impact on
proton kinematics/multiplicities
but I don’t have time to cover it

e
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FSI and neutrons

C AL DAL L LN RN R BN
01 — WY =
: All CC D, ‘\ = .
0.08_— — With n .
L — i + N
0.06- No n, with v ]
C No n, no ©* 24 ]
. M R B

—q) 6 -0.4 -0.2 0 0.2 0.4
Evu'ue_E{,ec

Evtrue

Neutrons are the largest source of
neutrino energy bias for DUNE

22.10.2024

All plots with GENIE v3.04.00 AR23_20i_00_000

Eavail = ( > Eﬁin> + (

i=p,mt

EyeC = Eu + Eqvail

Laura Munteanu - ECT*, Trento

2.

i:77r07’y’K07K:t

7
total

18



FSI and neutrons
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Where do they come from?

In these plots, we neglect the impact of pions by
assuming we can reconstruct them individually
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FSI and neutrons
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Where do they come from?

In these plots, we neglect the impact of pions by
assuming we can reconstruct them individually
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All plots with GENIE v3.04.00 AR23_20i_00_000

FSI and neutrons Where do they come from?

In these plots, we neglect the impact of pions by
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FSI and pions
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They also have a significant impact at
T2K/HK energies via pion absorption
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Phgs. Rev. D 108, 112008, Phgs. Rev. D 106i 032009
FSI and nuclear clusters and de-excitation routines

See talk from A. Ershova on Wednesday for in-depth discussion
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Essentially: more complex cascade models (e.g. INCL) and de-

Laura Munteanu - ECT*, Trento

excitation routines (e.g. ABLA, THALYS) predict different compositions
of final state products and momentum sharing
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Ve /v, differences

If we trust lepton flavor universality, v, and v,
cross sections only differ due to the lepton mass
O(~100 MeV)

This impacts:
1. Size and uncertainty of radiative corrections
2. Regions of phase space where these differences matters (mostly at low w)

22.10.2024 Laura Munteanu - ECT*, Trento
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Nat Commun 13, 5286 (2022)
E,, GeV (g—" _ 1)L°, % e—1,%

Ve /v, differences

. . T2K/HyperK 0.6 v 2.47+0.06 2.84+0.06+0.37

If we trust lepton flavor universality, v, and v, —— e 100
cross sections only differ due to the lepton mass Mow 20 s B
v 0.394+0.003 0.20+£0.01+£0.19

O(~100 MeV)
This impacts: e Current experiments assume ~5%

1. Size and uncertainty of radiative corrections for these differences
2. Regions of phase space where these differences matters (mostly at low w)

Thanks to improved theoretical
calculations, this should be the least of
our worries for now

22.10.2024 Laura Munteanu - ECT*, Trento 25


https://www.nature.com/articles/s41467-022-32974-x

Y
Nat Commun 13, 5286 (2022)

Ve /v, differences

E.. GeV (-1),. % e—1,%
. . T2K/HyperK 0.6 v 2.47+0.06 2.84+0.06+0.37
If we trust lepton flavor universality, v, and v, —— e 100
cross sections only differ due to the lepton mass ¥ow 20 s B
v 0.394+0.003 0.20+£0.01+£0.19

0(~100 MeV)

This impacts: e Current experiments assume ~5%
1. Size and uncertainty of radiative corrections for these differences
2. Regions of phase space where these differences matters (mostly at low w)

Phys. Rev. D 108, L031301
2t . Would have a large

s impact on CPV
discovery
—but models
constrain it to <2%
and will be
measured in-situ
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https://www.nature.com/articles/s41467-022-32974-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L031301

Ve /v, differences

Current experiments parametrize radiative
corrections and model differences only in
terms of normalization

Particularly important for HK
« Significant part of v, spectrum in region
where v, /v, differences are important
* High v, statistics are sensitive to shape
information
* Need a finer parametrization of v,
uncertainties
Also important for DUNE 29 osc.
maximum analyses

These effects will have a large
impact on sin? 6,5 octant

determination
22.10.2024

Number of events/50 MeV

Difference of events/50 Me

300

250f

200
150
100

wn
=

Neutrino mode: appearance

HVPKER

TR

Number of events/50 MeV

arXiv:1805.04163

Antineutrino mode: appearance

2505—
200;
150;
woof

50}~

s —d=0°

Ve — 0 =90°

nt 1 P | PR L | L 1 1
0 02 04 06 038 1 12 02 04 06 08 1 12
Reconstructed Energy E[* (GeV) Reconstructed Energy E{ (GeV)
0 T T T T T % 100F T T T T T
\ s . — (8=90°) - (3=0°)
P ] = r — (8=-90°) — (5=0°)
50\ 1 lHTHL 1 g s b (5=180°) - (3=0°)
TR fs1 5§ | (BTt
oF il Pro b dageane | B3 of odddliittio Tt tbsaanes
r tetrd, ! “‘,&?77" s r TiTer | ?&“¢¥=~‘“
[ lTlllrilT‘ 3 L 1{1141.71‘
F 1 : B
-501- reet’ 5 S0 vl
- - -
F % N
100 P B H U H S P | Q-100-, , . R B B
0 0.2 04 0.6 0.8 1 12 0 0.2 04 0.6 08 1

Reconstructed Energy E:“ (GeV)
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Reconstructed Energy E:y“ (GeV)

27


https://arxiv.org/abs/1805.04163

SIS / DIS SISy /DISy dragons and
no measurements...

Atomic number

A
( e _/4\
| |
| |
| |
| B
| nuclearmodel l | pnmary /nteractlon \ hadronization > | hadron transport I
Side Muon Range Defector % =
UAT Magnet Side HCAL | ==
Side ECAL =
“@E(ecnomogneﬁc D e I v-Boam - .(’3/ §€
iCalorimeter al o] A P EE = -
o iy | e g §§ ::|3f| Difficult to calculate to
‘Fine Graine | 26 831008 total .
| ‘\”ﬁfecbfd’ ) ") \l 21| esp.atlow Q2 (non- calculate theoretically
JimoPcion charms ) i perturbative QCD) from
\, o] . . .
first principles
>

Neutrino energy
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Arb. units

All plots with GENIE v3.04.00 AR23_20i_00_000
L § ___________________________|

S I S D I S Sources of neutrons before FSI
(and neglecting impact of pions)
(e L N S B I PN L L -
——— g E —aAilcc l El- L —alcc ]
:_ R = _: -g 0'35_ no neutrons _E e 0 1} no neutrons {
0.1 - —All CC W;ﬂ ] A I ‘i' i < 0.25F = CCQE with neutrons — < [ = CCQE with neutrons ]
N i o = i E —— 2p2h with neutrons v B 0.08— ___ 2p2h with neutrons V 7
0.08 o — Withn ] 0'25_ RES with neutrons I/l _E ().06:— RES with neutrons I’l _:
A . + ] 0.15 ;— —— other with neutrons —; E — other with neutrons E
0.061 No n, with T v . o 1 oof E
- No n, no n* u = c 1 ook E
0.04F - 0.05¢ [ ER 1
- ] Ly Sy 0 0504 %% 03 04
0.02 — . E:'uc _E:cc E::'uc _E:’cc
: I : , . I I : E:In.l(: E::'UC
%% 02 Eg?e'?g;ec SIS/DIS is the largest For v, SIS/DIS produce ~as much
e source of invisible energy neutrons as other modes but have
pre-FSI for neutrinos the highest uncertainty
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All plots with GENIE v3.04.00 AR23_20i_00_000

Arb. units

S I S D I S Sources of neutrons before FSI
(and neglecting impact of pions)
Zo3spr T T T T TS S T T T T
—————————————————] g F —aicc 1 § [ —aicc ]
B ] -E 0'3:_ no neutrons E -e 0 l} no neutrons {
0.1 - —All CC (\ - < ()_25; —— CCQE with neutrons é < : 8: —— CCQE with neutrons ]
N i E = 2p2h with neutrons E 0 [ —— 2p2h with neutrons EY2 7
0.08 — Withn . 025 e AL— — - -
- o § 0150 _o,he,wi] DUNE pion multiplicities pre-FSI ]
oo oM withzt v . Oli @ 045 S -
C + i E = = = ]
0.04 Non, non H = 0.05F = 0 45 — AliCC 3 5
T . g ‘ 2 0355 = .
0.02 8 e e 0.3 From RES R c
: ] 0.25E E -
_00 6 '—(;.4‘ I—0.2 0 0'2 E?(l)elj;E;ec SI S /]] 0.25_ From SIS/DIS/other _E u Ch
—pe source 0.15F = have

pre-I 0.1F B

0.055 =

Many of these pions come from 00:. I 4_?*% — :8

hadronization routines
(typically PYTHIA) but... Number of charged pions

“I would not trust PYTHIA for anything with less than 6 pions”

S. Prestel (a PYTHIA author)
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How do we implement such uncertainties?

= Standardizing generator outputs

= Granulating uncertainties

= I[mproved analysis tools

Complex “engineering” project so we
need to work together!
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Standardizing generator outputs

= NuHepMC
= Standardized format for generator output inspired by
HepMC3
= Already in the process of being adopted by GENIE, NEUT,
Achilles & others
22.10.2024 Laura Munteanu - ECT*, Trento

FERMILAB-PUB-23-603-CSAID-T

E-37
NUWRO 21.09.2
U _|_ ------ NEUT 5.64
| |_ -~~~ GIBU 2023
| == GENIE 3.04.00

2 | _;’ 1 ACHILLES 0.3.0 (GE ONLY)
N —- 1 _1_
=3 I_H—' - - PRD.108.053002
¢ |
< | i -—-:}_i_
= - H
8 [ @
- g
&2" 'I" .—_]
Q| &2 i
s T
&l Bl

i Tt

,,,,,,,,,, -
by |
==
ot . ] ...._..._._..
o0 o2 06 08

oy
DPT (MEV)
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https://arxiv.org/abs/2310.13211

|
FERMILAB-PUB-23-603-CSAID-T

Standardizing generator outputs T ey
(T
u NUH epMC ’z: _|_;’ i | N g(;Hn‘_lo_;::so.:; (GE ONLY>
= Standardized format for generator output inspired by & rhl—}—l
HepMC3 =
= Already in the process of being adopted by GENIE, NEUT, 3 } N
Achilles & others 2| ‘-l-‘}l—__l_ |
= NUISANCE R
= Facilitate comparisons between generators/with . Do - - L—"“TL;«

experimental measurements
= Allows us to extract parametrizations of uncertainties!
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- - ., FERMILAB-PUB-23-603-CSAID-T
Standardizing generator outputs T
o e,
u NUH epMC ’z: _L.’“i | N 2(;Hn‘_|o_:§50.:; (GE ONLY>
= Standardized format for generator output inspired by Ny ,—h'—k{
HepMC3 =
= Already in the process of being adopted by GENIE, NEUT, gz } 1|
Achilles & others 20! by .
= NUISANCE e
= Facilitate comparisons between generators/with L . .. s
experimental measurements T e

= Allows us to extract parametrizations of uncertainties!
= NuSystematics

= Common systematics framework for multiple experiments

.1 ’ o Public
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= Share development of common systematics



https://arxiv.org/abs/2310.13211

g FERMILAB-PUB-23-603-CSAID-T

Standardizing generator outputs |

_|_ ------ NEUT 564
| |_ —== GIBW 2023

""" GENIE 3.04.00

= NuHepMC

= Standardized format for generator output inspired by
HepMC3

= Already in the process of being adopted by GENIE, NEUT,
Achilles & others

= NUISANCE

ACHILLES 0.3.0 (GE ONLY)
- PRDA08.053002

DSIGMA/DDPT (CM MEV /N
bl 9
Pl ————
LI _E..!_L_,l
e

-
Ty

= Facilitate comparisons between generators/with , e

06 o8

00 02

experimental measurements
= Allows us to extract parametrizations of uncertainties!
= NuSystematics
= Common systematics framework for multiple experiments
= Share development of common systematics

= Others? Let’s discuss your ideas after this talk!
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Granulating uncertainties

Get to the physics of interest
with as much detail as possible

Example:
CCQE uncertainties from T2ZK

u

o
ot
T
1

Event rate [a.
—
I
|

Modify directly the shell
occupancies in SF model

22.10.2024

0(50) d.o.f. for CCQE
processes covering wide
range of physics:

* Removal energies
*  Fermi motion

« SRCs

* Optical potential
Pauli Blocking

* Etc...

Laura Munteanu - ECT*, Trento

Phys. Rev. D 109, 072006
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Granulating uncertainties

Get to the physics of interest
with as much detail as possible

Example:
CCQE uncertainties from T2ZK

u

o
ot
T

1

Event rate [a.

B " Sl Saa ] 0(50) d.o.f. for CCQE
processes covering wide

range of physics:

—
T
1

* Removal energies
*  Fermi motion

« SRCs

* Optical potential
* Pauli Blocking

* Etc...

Modify directly the shell
occupancies in SF model

Phys. Rev. D 109, 072006

Encode near/far detector
differences (flavor, target, energy)

Example:
SF—CRPA reweight from T2K

Valencia CCQE noRPA  [lle0

RPA/noRPA

©[GeVic]
o [GeVc]

14F
S 12f CRPA/PWIA

©[GeVic]

To 12 14 00 02 06 08 10 12 14
q[GeV] q[GeV]

Take ratios of hadron tensors as a
function of w and q...

But also as a function of E,,
Repeat for (v, Ve, V,,, ¥, )X (C,0)
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Example:
CCQE uncertainties fron

Event rate [a.u.]

[
ot

0.5 |

Get to th
with as mu

—_
T T

occupancies i

10 20 30 4

Modify directl

22.10.2024

Granulatin

What does progress look like?

100

80

60

40

20

10

20

Cross sect. syst. count

30

40

50

60

70

*20'\ 3-04-03: Tabs. XII and XVI in https://doi.org/10.1103/PhysRevD.88.032002  2017-07-04: Tab. IX in https://doi.org/10.1103/PhysRevD.96.092006
2015-02-05: Tab. VIl in hitps://d0i.org/10.1103/PhysRevD.91.072010

Oct. 21,2024/ ECT* v int ]—m—[ J. Wolcott / Tufts U }—

Nncecertgintl

[Breakdowns from tables* in long-form papers, augmented with insider info from C. Wret]

* % W, k& *ok

1plh

2p2h

RES
= Nonres

] DIS
e

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

026 2027

2022 2023 2024 2025 2

[Breakdowns from NOvVARwgt (non-public versions for >2021)]

2021-01-11: Tab. XXV in https://doi.org/10.1103/PhysRevD.103.112008

Laura Munteanu - ECT*, Trento

g

DIS

| Nonres

1
RES

2p2h
1plh

T2K

NOvVA

2023-03-06: Tab. 22 in https://doi.org/10.1140/epjc/s10052-023-11819-x

Phys. Rev. D 109, 072006

r detector
target, energy)

RPA/noRPA 16

0 02 04 06 08 10 12 14
q[GeV]

CRPA/PWIA

e s
02 04 06 08 10 12 14
q[GeV]

rn tensors as a

and q...

ction of E,,

V,,V,)%x(C,0)

38


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072006

Granulating uncertainties

But our genera:t’ors /models often don’t allow us to design uncertainties from first principles...

Event rate [a.u.]

0 0 - !400l ISOOI 1l20(; -
pu [MeV/c|
Effect of Pauli Blocking from different
simulations on observable p,
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Granulating uncertainties

But our genera:t’ors /models often don’t allow us to design uncertainties from first principles...

Epes, Pre-FS, GENIE, v,CCQE
40— A =0 (u=19.56 MeV)

F A=0.5(u=20.41MeV)
A=1(u=21.04 MeV)

A =15 (u=21.05MeV)

A =2 (u=20.98 MeV)

Events/tonne/year
w
o
I

“Shell-like” shape

=l

M
g 201~ FL‘:[ modification /
2 15F- ﬂ‘llt DUNE
g 103_ ?LLLL._LLL work in progress
S :
= 5 5 k
:-'-'.-.”= — 3
R R T '25‘0‘ e
= . . . ’ = * mss (Gev)
0 400 800 1200
pu [MeV/c|
Effect of Pauli Blocking from different
simulations on observable p,
22.10.2024 Laura Munteanu - ECT*, Trento

Example 2

GENIE v3. 04 00AR23 201 00 000
50 0.005,,:
T

o
40 0.004

30, 0.003

0.002

0.001

0

50 100 150 200 250 300 350
Nucleon momentum [MeV/c]

...even though we’re
using an LFG model

40
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Granulating uncertainties

But our genera:t’ors /models often don’t allow us to design uncertainties from first principles...

“Parametrized '
ignorance”
x10° GENIE v3.04.00 AR23_20i_00_000
'— A=0 (u=19.56 MeV) 50 T T T T T 0.

0052

N
o
T

A=0.5(u=20.41MeV)
A=1(u=21.04 MeV)
A =15 (u=21.05MeV)

T

0.003

o
0.004

Events/tonne/year
w
o

A =2 (u=20.98 MeV)

(]
(=]
T[T

“Shell-like” shape

] ‘ 0.002
1 . 25— J-LL

. F 0.001
i 20 modification e

| o o
1 15} - DUNE 50 100 150 200 250 300 350
] 105 “J’JH‘L._L‘L work in progress
] Al

...even though we’re
&"\_ using an LFG model

Nucleon momentum [MeV/c]

Event rate [a.u.]

0 0 - !400l ISOOI 1l20(; -
pu [MeV/c|
Effect of Pauli Blocking from different
simulations on observable p,

An ad-hoc solution is better than no solution!
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Improving our tools fo

Multi-dimensional reweighting:

r future needs

. . Factorization
Can all response functions be factorized? [ s moverm oo o0
Sometimes calculations are too entangled to factorize £ 5™ TN 000l
e () 1= wix)*wly) S 3 jl
w(x,y) = w(x)*w(y - F
Example: RES form factors N 4 feo00g
In such case we cannot use them as dials in analysis. § 4 F B
A a 0. 2 af; sF 3
FRES(QZ) _ C5 (0) we.¢) = ﬁ%{"”" Vel ("”‘ %”) 51 3 {50000
o N 02 + i(le Y?Rejis; — ReY?Rej )} - ]
m eYyReps — heXy Reps - E 7] 40000
(1 + (MRES>2 - 25 j:i
F N p= Z Pm.m :II’-K +3+pr1tpa1+pa3 I 2E E —3000(
A RES - A \k RES ’:":"“ =|P+a+3t P33 This set of dials cannot \ 3 - 20004
W(C 5/ MA ) ?_ W(C 5) W(MA ) Pe341 =|Pe3+1 = P13 be used in the fit ]
P+3-1 =|P+3-1F P+1-3 however can be used for 10000
- ICA5RES=1.03 MaRES=0.97 HgScIRES=1.84 Fake Data Studies
R e e e e e T 80000 ol
%4_55 . 0 05 1 15 2 25 3 35 Jgim\c}vgigh?
% 4 m Kamil Skwarczyriski 9
= E 60000
;33.5
i " But this doesn’t
NOt too bad! 250 ' : R 40000 lll 1S Oels{n SOlutIOI'lS eXlSt (eg PCA for
2F always WOrKk... .
g / 30000 y z-expansion) but
1.5F
no universal solution
05;_ 10000
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Improving our tools for future needs

Using Machine Learning tools Improved analysis tools
Synthesizing complex effects to get at impact on observables Cope with complex parameters & large stats
From C. Wilkinson'’s talk yesterday . e Same ] Unéobdﬁg%‘ﬂ,dacg?:feséeﬁqt;(?rﬁlfm?ﬁgirr11ggg%rnme?d e
. . é F - s o) ] developed within the T2K collaboration
DUN E SlmUIatlon 5 08 koememen | o Method is described in this reference Phys. Rev. D 98,
< " ; 2 _ J U LS R 3 032003 (2018)], and the code is open-source!
N> Nommal (= 0-00) / \ 04 7 e Many fake data studies performed to to ensure the
[0} L v NuWro (x? = 4.09) / - 5 fitter can recover the variation you've fed into it and
- NEUT (2 = 7.67) l v | s that we have sufficient uncertainty coverage
o 2.5 GENIEV3 10b.( 2 0.66) B 0 s memmmnsml o End-to-end extraction procedure validated on Asimov
~ L Vi x°=0. _ True 6pr data
< i | Jack Smedley @NuFACT 2024
NE% L B 10 Jack Smedley '!‘f‘%%"x R(Sb(’i\lr—hlr{ég}ljﬁf(
4 o4 i ) ,
2.4 3 g P l<toshakags | T .
i | Bof | kel E L | We pretend this
GENIEV3 10a (x® = 1.17) e e 1 . .
Sy o 2 . I i A P A -/ is Gaussian...
GiBUU (x? = 45.04) Asithov g
"+ SuSAv2 (x2=6.10) 100 kt-MW-yr - awof | [TROOTOP /
"= CRPA (2 = 4.06) 90% C.I. - Posterior | | p dlE
2 3 1 | | 1 I .| I | 1 L | 1 | 1 L 300])181-1 lltlon’for E
' 0.4 0.5 o.en2 = Binding Enerey n ; But MaCh3
sin® J : helps us see
Example: reweight between CC e - J,?‘f ‘ ]i I:,)
T e ] it's not!

Inclusive predictions from generators
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Improving our tools for future needs

Using Machine Learning tools Improved analysis tools
Synthesizing complex effects to get at impact on observables Cope with complex parameters & large stats
From C. Wilkinson'’s talk yesterday . R = ke ] Uncf;olljdr\ilgg/ﬁdacg?:feséeﬁqt;(?rﬁlfm?ﬁgirr11ggg%;tn;fd e
. . g oy = i pom) developed within the T2K collaboration
DUN E SlmUIatlon § osf koememen | o Method is described in this reference Phys. Rev. D 98,
S "~ "Nominal (x2 = 0.00) J U LS R S 032003 (2018)], and the code is open-source!
> NUWro (¢2 = 4 0'9) / \ » Many fake data studies performed to to ensure the
- v uwro (x© = 4. B « L fitt th iation you’ve fed into it and
O EIFGE = 2E7) “Parametrized that we have sufcient uncertainty coverage.
o 2.5 x= 1 ] Q . End-to-end extraction procedure validated on Asimov
= |~ GENIEV3 10b (32 = 0.66 i > 1gnorance" data
= i U 4 NuFACT 2024
NE% L B 10 Jack Smedley ll%g'-"x R(SE\IEIIEIST}I:ER
< 2.4 ] g TR .
i | I v S | We pretend this
GENIEvV3 10a (x2=1.17 o g Tt ] . .
TG 2 _ 1 N e 0 A 0 0 A -/ is Gaussian...
iBUU (x2 = 45.04) 100 kt-MW e 7]
T+ SuSAV2 (2 = 6.10) ; = -yr s - P: .00‘«-= 6.00 /
.- CRIPA (x® = 4.06) | 90% C.1. | i “I'Dis ;Stl:tl:)ol:-’for 41
2.3 I 1 1 I L I L L 1 I L L . . E
0.4 0.5 o.en2 T o But MaCh3
sin’6 J : helps us see
Example: reweight between CC 23 - Jllu ‘ ]i I:,)
RN A g it's not!

Inclusive predictions from generators
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Reducing uncertainties in the meantime

Systematic uncertainties encode what we don’t know...
* [tis important to have robust parametrizations so that we don’t misatribute effects
* Butalso to keep making measurements to better understand all processes

With neutrino scattering experiments... (non-exhaustive list)

Higher statistics

SBND Simulation

Muon Neutrinos

o
=
)

o
=
©

o
o
s

Relative Event Rate / 100 MeV
N N
N o

o

=}
o9
=)

0.5

22.10.2024

1.0 1.5 2.0
Neutrino Energy [GeV]

CC Exclusive Channels
. v, CC Om, 4.3M Events
mm v, CC 1n*, 0.9M Events
= v, CC 1r° 0.5M Events
v, CC multi-pion, 0.4M Events

Event Rates for 10 x 102° POT
in Active Volume (80m?)

GENIE v3.0.6 G18_10a_02_11a

2.5

3.0

Efficiency

Low hadron thresholds

Lo ovr o
0.9 Proton tracking threshold
08 Work In Progress
0.7
0.6

0.5

ND280 Upgrade

0.4 P9

03 Curfnt NEQBD
0.2 - - o+
0.1 —

e e e o 0 0

0 200 400 600 800 1000 1200 1400

(access to low w region!)

momentum (MeV)
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Neutrons!

Phys. Rev. D 101, 092003
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Reducing uncertainties in the meantime

Systematic uncertainties encode what we don’t know...
* [tis important to have robust parametrizations so that we don’t misatribute effects

* Butalso to keep making measurements to better understand all processes

...but not OHlY! (non-exhaustive list)

Electron and hadron scattering Monitored/tagged neutrino beams

_ hadron dum
Nature 599, p. 565-570 (2021) — amented e cunnel .- el -
2257 Gev 1 Getector
"~ + Data ' ' H R R > to proton

o o8P — SuSAv2 (Total) gkt | dump

" T The “"* ENUBET/NuTAG

S ol N "1 o) C e

s ® ml | = N

0 0.03 from

==}
0 02 04 06 08 10
Ce:£P) o0, Py (GeVIC) ;

protoDUNE

22.10.2024

/&m

4 10
E, [Ge v1

Laura Munteanu - ECT*, Trento

Maybe even SHiP?

Potential to expect 0(10° — 10°) v,
interactions around ~5-6 GeV
—SIS region relevant for DUNE!
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Summary
= Future generation experiments need 1-3% level uncertainties in order
not be prematurely limited by systematics

= Their needs in terms of physics are beyond what we are sensitive with
current experiments and need special attention

= We need inputs from the theory community and new measurements to
reduce the size of our uncertainties

= But also robust parametrizations of effects and sophisticated tools for
high stats analyses

= Hopefully some of the outcomes of this workshop!

Thank you for your attention!
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Neutrino cross-sections and oscillations

= Oscillation parameters are inferred from event spectra as a function of
reconstructed neutrino energy

Systematic uncertainties

| |
Ny (B30 = P,y (B D(ET) o (E)e (B )S (BT, E) B = e,

/

Oscillation
parameters

22.10.2024

I Neutrino flux I

Interaction
cross-section

Detection
efficiency

Energy smearing
matrix
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Neutrino cross-sections and oscillations

= Oscillation parameters are inferred from event spectra as a function of
reconstructed neutrino energy

Systematic uncertainties

l |
Ny (B5e0) = P, ., (B D(ET ) o (B )e (B )S (BT, E*0) B = e,

/

Oscillation
parameters

= Constrain systematics with near detector

I Neutrino flux I

Interaction
cross-section

Detection
efficiency

Energy smearing
matrix

= But heavily rely on models to predict near-to-far detector extrapolation
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Oscillation analyses and model dependence

E,) 10 (/em? /GeV /POT)

Near detectors are an essential part of any GENIE 2:12.10, DUNE FD TDR CV Tune
. . . — CC Inclusive CC 1p1h+2p2h
oscillation experiment —— CCRes — ccois
g -
g i
But we rely on models to predict: < 1 04
[0
- - o
= The energy dependence of neutrino cross-sections
C)
39
The near and far detectors see different W
neutrino fluxes due to %

* Oscillations
* Acceptance
* Beam geometry
Different models predict different
evolutions of (E,)
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Oscillation analyses and model dependence

Near detectors are an essential part of any

oscillation experiment Forward scattering angles

B
Té T T T
e v, HF —
But we rely on models to predict: =] 12 v, HF — -
= The energy dependence of neutrino cross-sections k: 10°F v, HF-PWIA - - 1
_ _ e 8¢ ve HF-PWIA ---- 2
= How cross-sections change for different neutrino s 6 o ms .
species (v,/v.) = 4 AR ~;\PW><O.2_
2 9 . il
Q Tk
S0 =
< 20 40 60 80
= Energy transfer (MeV)

Near detectors predominantly measure v,
Rely on theory predictions to extrapolate to v,

Phys.Rev.Lett. 123 (2019) 5, 052501
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Oscillation analyses and model dependence

Near detectors are an essential part of any
oscillation experiment

But we rely on models to predict:
= The energy dependence of neutrino cross-sections

= How cross-sections change for different neutrino
species (v, /v,)

= How cross-sections change for different targets

t

dzo/dpzdp (cm?/GeV?%nucleon)

STO
Ar, CH CH, H,0

22.10.2024 Laura Munteanu - ECT*, Trento

. Klevkamp @ NuINT2022

5.50 < Muon P, / GeV < 6.50
—CH
t } carbon
$ .

—water

—lead

Muon P, (GeV)
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Oscillation analyses and model dependence

Near detectors are an essential part of any
oscillation experiment

But we rely on models to predict:
= The energy dependence of neutrino cross-sections

= How cross-sections change for different neutrino
species (v, /v,)

= How cross-sections change for different targets

o(E,)/E, 10 (cm? /GeV /Nucleon)

0.5

o

GENIE 2.12.10, DUNE FD TDR CV Tune
—— CC Inclusive CC 1p1h+2p2h
—— CCRes 1t —— CCDIS

—
o
IS

m? /GeV /POT)

Model dependence cannot be escaped in neutrino
oscillation experiments
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5.50 < Muon P, / GeV < 6.50
—CH

i carbon
] b :

B : —water
&ead
1£ i .

12.00 < Muon P, / GeV < 20.00

: {{{{

x 70.0

Muon P, (GeV)
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How do our models perform? Pl Rev. 35 052003 (2019
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Main challenge(s) for sind-p = 0 exclusion

HK 10 years (2.70E22 POT 1:3 v:V)
C I T T T T I T T T T | T T T T I T T T

Statistics only
-------------- Improved syst. (v./V, xsec. error 2.7%)
........................... T2K 2018 syst. (v./V, xsec. error 4.9%)
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Dominant systematics related to the
uncertainty on o(v,) and o(v,) differences
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O
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Hyper-K preliminary True 8CP

True normal ordering (known)
sin2(913) =0.0218 sin2(623) =0.528 |Am§2| =2.509E-3

Current constraints mainly

driven by theory

See talk by S. Dolan (Tuesday, WG2)

22.10.2024

Laura Munteanu - ECT*, Trento

59


https://indico.cern.ch/event/1216905/contributions/5453968/

Main challenges for precision measurements
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due to shift in visible energy

Dominant systematics are those which affect the shape of the
oscillated spectrum as a function of reconstructed neutrino energy
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
YPER

\

Charge/tick/channel (ke)

-2.5

100 200 300
Wire Number

Water Cherenkov - measure kinematics of

LArTPC - measure particles’ energy deposits
particles above threshold

[ Different detectors - different methods - different priorities ]
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https://indico.fnal.gov/event/57378/contributions/273081/

Inspired by S. Dolan’s INSS 2023 lecture

\

(calorimetric energy reconstruction)

Neutrino energy reconstruction

Hvﬁ

(“kinematic” energy reconstruction)

v Yu 17
u 7
. Infer HEI:ItI‘iHO energy from w Add up all visible energy
lepton kinematics under 2- N from final state particles
2 50 4 body reaction assumption
<0
v

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
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* Pion transport through nucleus ) .
* Pion production processes

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
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Wider intrinsic smearing but easier to control Smaller intrinsic smearing but harder to control

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture
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