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WG1 Talks
• 11 related plenary talks, 28 talks in parallel sessions + 

multi-experiment analyses satellite workshop
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Mon: Current 
experiment results (5)
Tue: Future experiment 
sensitivities (5)
Tue: Near detectors in 
oscillation analyses (4)
Thu: WG 1x3 
Neutrino fluxes (4)
Thu: WG 1x5 BSM → 
WG5 summary (5)
Fri: New ideas (5)

What are the current and future 
systematic limitations on oscillation 
measurements and what can we do to 
address them?
How can we best combine 
experimental data to achieve the most 
accurate results?
What are the needs for hadron 
production measurements for the future 
experiments?
What are the next steps for a unitarity 
test?



Ed Atkin, NuFact 2024
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ν
μ 
disappearance results

Results shown here are using the PDG reactor constraint.
– Best-fit prefers non-maximal sin2θ

23 

– Slight preference for normal ordering and upper octant

NO

IO

Current Results
Mass Ordering and CPV Results

•Our new results are consistent with our previous analysis. 
•Improved constraints occupy approximately the same regions. 

Note: Results use different 
choices of reactor constraint. 

NOvA 2020: 2019 PDG avg θ13 
NOvA 2024: Daya Bay 2023 1D θ13
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Ed Atkin, NuFact 2024

16ν
e 
appearance results

● T2K prefers value of δ
CP

 ≈ -π/2
● Disfavour CP conserving 
values of 0 and π disfavoured in 
both orderings 

● T2K-only measurement of 
θ

13 
compatible with PDG 

average.
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T2K

● World-competitive constraints 

on oscillation parameters

[4]
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𝜈𝜇 disappearance with the CNN-based sample

[4] and submitted 
to PRL

IceCube DeepCore

NOvA: J. Trokan-Tenorio
T2K: E. Atkin
IceCube DeepCore: F. 
Mayhew
All favor normal mass 
ordering 

T2K

https://indico.fnal.gov/event/63406/contributions/297884/attachments/181612/249110/NOvA%203F%20Results%20-%20NuFact%202024%20-%20JozefTT.pdf
https://indico.fnal.gov/event/63406/contributions/297887/attachments/181622/249168/T2K_NuFACT_talk_EdAtkin.pdf
https://indico.fnal.gov/event/63406/contributions/297889/attachments/181582/249062/NuFact%202024%20DeepCore%20talk%20final.pdf
https://indico.fnal.gov/event/63406/contributions/297889/attachments/181582/249062/NuFact%202024%20DeepCore%20talk%20final.pdf


Comparison

Mass Ordering and CPV Results

•When compared with other experiments results, we prefer 
similar regions in the Inverted MO, and different regions in 
the Normal MO. 

Note: Results use different 
choices of reactor constraint. 

NOvA 2020: 2019 PDG avg θ13 
NOvA 2024: Daya Bay 2023 1D θ13

T2K: 2019 PDG avg θ13 
NOvA+T2K: Daya Bay 2023 1D θ13 
T2K+SK: 2019 PDG avg θ13
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J. Trokan-Tenorio

NOvA and T2K prefer similar regions with the inverted 
mass ordering, but different regions with the normal 

mass ordering

https://indico.fnal.gov/event/63406/contributions/297884/attachments/181612/249110/NOvA%203F%20Results%20-%20NuFact%202024%20-%20JozefTT.pdf


Mass Ordering Sum Rule
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(Δm2
31 |NO

μ disp − Δm2
31 |NO

e disp ) + ( |Δm2
32 |IO

e disp − |Δm2
32 |IO

μ disp ) = (2 cos 2θ12 − 2 sin θ13 ̂cos δ )Δm2
21

If Nature is IO, ≃ If Nature is NO, ≃

Significant with 
current precisionS. Parke
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Current Prospect for Future
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θ23 Sensitivity

● Both θ23 octants being evaluated → correct octant chosen
● No posterior in IO

Liban Warsame | NuFact 202418 17.09.24

�CP resolution sensitivity

How accurately can we measure the value of �CP , as a function of true �CP?
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Statistics only
 xsec. error 2.7%)eν/eνImproved syst. (
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 xsec. error 4.9%)eν/eνT2K 2020 syst. (

 ⌫e/⌫e xsec. error has large e↵ect on
di↵erence between ⌫e & ⌫e

measurements

CP-odd (sin �CP) term of
oscillation probability, P (⌫µ ! ⌫e)

Uncertainty on this term
@P (⌫µ ! ⌫e) /@�CP / cos (�CP)

At sin �CP = 0, that uncertainty is
maximal

! At sin �CP = 0, uncertainty
dominated by ⌫e/⌫e xsec. error

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics September 16th, 2024 35 / 41

Beam only

ν𝜇 Disappearance
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• Measure the oscillation parameters 𝜽𝟐𝟑 and 
∆𝒎𝟑𝟐

𝟐

• 90% confidence level region shrinks by 55% to 
70% with IceCube Upgrade

• IC93 could exclude maximal mixing from 90% 
contour and determine the octant of 𝜽𝟐𝟑 
depending on the true value of 𝜽𝟐𝟑

• The constraints to the atmospheric oscillation 
parameters from IC93 will be among the 
world’s most precise

JUNO:
S. Kumaran

HyperK:
T. Dealtry

DUNE: 
L. Warsame

IceCube 
upgrade:

J. Peterson

https://indico.fnal.gov/event/63406/contributions/296969/attachments/181745/249322/NuFact_JUNO.pdf
https://indico.fnal.gov/event/63406/contributions/297883/attachments/181719/249275/dealtry_2024_09_16_nufact.pdf
https://indico.fnal.gov/event/63406/contributions/297888/attachments/181742/249347/NuFactTalk_17Sept_DUNE_Oscillation.pdf
https://indico.fnal.gov/event/63406/contributions/297890/attachments/181710/249265/NuFact_2024_Upgrade_Talk.pdf


Improving ID & Sensitivity

Boulder

• Fit the shape likelihood of the total MC histograms to the data 
histograms by modifying MC with {𝛼, 𝛽}

• Bin histograms in terms of our particle ID variables

• Markov Chain Monte Carlo framework samples the shape likelihood
• Results in a set of {𝛼, 𝛽} that is distributed according to the likelihood 

distribution

14

How do we fit?

Electron / Muon particle ID variable
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3Flavor Analysis 2024

Frequentist plots must be FC corrected in order to accurately report findings

FC Corrections alter the confidence regions
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No

Comparison between non-corrected and corrected confidence regions, blue areas mark

where the critical �2
value grows, and can include otherwise excluded bins into the

confidence region, where the red areas are the opposite, marking a decrease in the

critical �2
and potentially excluding bins from the region

Andrew Dye Feldman and Cousins FC for NOvA 3-Flavor Analysis Sep. 17, 2024 13 / 18M. Reh: Use atmospheric νs at 
SuperK to constrain e-μ 

identification at T2K

A. Dye: Feldman-Cousins 
method to correctly measure 

mass ordering at NOvA

https://indico.fnal.gov/event/63406/contributions/297917/attachments/181601/249190/NuFact2024_presentation_v3.pdf
https://indico.fnal.gov/event/63406/contributions/298031/attachments/181679/249368/LATEST_ajdye_NuFact2024_FC_presentation.pdf


Systematics on ν Interaction

8

17/09/2024 Ewan Miller - IFAE 27

Expanded Cross Section 
Model!

𝜔 [GeV] 1.00.0

Differential Cross Section, 𝜔

0.
02

0.
14

0.
08

• Massively expanded 
parameterisation of 
the neutrino cross 
section model

• New parameters to 
cover modelling of 
low energy transfer 
events

• Many, many more!

Lars Bathe-Peters     -     2p-2h Cross Section Systematics in DUNE     -     NuFact 2024  
Introduction         Cross Sections       2p-2h Models        Motivation and Goal       Systematic Parameters      Conclusion and Outlookν
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2p-2h UncertaintiesNucleon Angular Distribution

• Angular distribution of outgoing nucleons:

GENIE v3.4.0,  on Ar, G18_10s_00_000 (SuSAv2 CC 2p-2h)νμ

DecayAngMEC - changes angular dependence 
on struck nucleon pair

reduced scattering 
at right angles

weight = 3 ⋅ xP1
⋅ cos2 (θ ) + 1 − xP1DecayAngMEC

enhanced 
forward 

scattering

enhanced 
backward 
scattering

Reduced 
scattering 

at right 
angles
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DUNE PRELIMINARY 
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NuFact 2024                                                                                                      Shweta Yadav   ND Constraint - SBND 

!!CC Np0" Selection

• This will help better constrain 2p2h and pion 
absorption

• Channel is dominated with :
• CCRES (47.1%) and CC 2p2h (21.1%) in GENIE
• CCRES (43.2%) and CC 2p2h (20.1%) in GiBUU

"
114p02" 3

33
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absorption
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E. Miller : T2K near 
detector upgrade 
and systematics 
improvement

L. Bathe-Peters: 
MEC 2p2h 

systematics in LAr

S. Yadav: Exclusive processes

https://indico.fnal.gov/event/63406/contributions/297918/attachments/181711/249324/NuFact%202024%20-%20Ewan%20Miller.pdf
https://indico.fnal.gov/event/63406/contributions/298030/attachments/181750/249374/Lars_Bathe_Peters_2p-2h_systUncertainties_DUNE-NuFact_2024.pdf
https://indico.fnal.gov/event/63406/contributions/297925/attachments/181722/249279/nufact_2024_v2.pdf


PRISM
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Intermediate water Cherenkov detector (IWCD)

Water Cherenkov detector @ ⇠1 km
I Brand new detector & facility for the Hyper-K era

Novel moving detector, providing measurements of neutrino
interactions across a range of ⇠1.5–4� o↵-axis angles, allows

I Creation of narrow beam for cross-section analyses
I Reconstruction of the oscillated flux

Tom Dealtry (Lancaster University) Hyper-Kamiokande Oscillation Physics September 16th, 2024 10 / 41

23. 20/09/2024  Ciaran Hasnip  |  NuFact 2024

PRISM as an Oscillation Analysis

• Match the ND    fluxes to the FD oscillated flux

• Just solving a linear algebra problem with the flux

• Mathematically, this is Nc = F – we solve for c!

N.B. we can match 
to any target shape

FD Oscillated Flux

arXiv:2103.13910 [physics.ins-det]

FD Φ𝜈𝜇 → Φ𝜈𝜇
PRISM

ND Fluxes

28. 20/09/2024  Ciaran Hasnip  |  NuFact 2024

'Traditional’ oscillation analysis 
with a fixed ND

Bias!

Resolve bias with a data-driven 
PRISM oscillation analysis

PRISM Fixes Oscillation Analysis

DUNE Preliminary

DUNE: C. Hasnip

DUNEHyperK IWCD: 
T. Dealtry

https://indico.fnal.gov/event/63406/contributions/296973/attachments/181926/249657/NuFact_DUNE_PRISM_CiaranHasnip.pdf
https://indico.fnal.gov/event/63406/contributions/297883/attachments/181719/249275/dealtry_2024_09_16_nufact.pdf


Hadron Production Data

10

REPLICA TARGET MEASUREMENTS: T2K

• Have ~halved T2K flux uncertainties at focusing peak 

Phys. Rev. D 103, 012006 (2021)

Eur.Phys.J. C79 (2019) no.2, 100

27

First look at Phase 1 data 

The EMPHATIC ExperimentRobert Chirco 16

We also see 
Cherenkov rings 
formed the ARICH

9-19-2024

120 GeV/c Proton: XZ-PLane, Expected minimal Bending

   09-17-2024                 Leo Aliaga                  HP data for Neutrino Experiments                 NuFact 202419

Low hadron prodcution momentum modeling
Our objec?ve is to apply NA61 data in carbon at 31 GeV to complement HARP data in berylium at 8 GeV at 
lower momentum (this idea is originally from Žarko Pavlović)

Procedure:

0 1 2 3 4 5 6 7
 (GeV/c)+πP

0

50

100

150

200

250

300

(m
b/

G
eV

/c
 s

r)
Ω

dp
dσ2 d

HARP
SW
ESW
FTFP
Extrapolated NA61

+X @ 8.9 GeV/c+π →p+Be 

 in [90,120] mradπθ

Plots made by Megan Pounds
(U.T Arlington)

Calculate the NA61 cross sec?on as func?on of f(xF,pt) 
Apply fit from HARP for pion produc?on on several targets (Phys. Rev.C80, 035208, 2009)
Scale back to 8 GeV in the HARP kinema?c variables

Žarko Pavlović (NA61/SHINE at 
Low Energy workshop 2020)

NA61: L. Fields

EMPHATIC: 
R. Chirco

Complementary 
to NA61

Challenges and 
improvements: L. Aliaga

https://indico.fnal.gov/event/63406/contributions/297872/attachments/181852/249522/NuFact_2024_NA61.pdf
https://indico.fnal.gov/event/63406/contributions/297782/attachments/181859/249552/NuFact_2024_EMPHATIC_v2.pdf
https://indico.fnal.gov/event/63406/contributions/297806/attachments/181876/249568/NuFact2024_HP_09192024.pdf


ν Probes
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Iwan Morton-Blake | Neutrinos from Natural Sources at JUNO | NuFact 2024 14

Expected Flux

Nuclear fusion within the sun produces νe

“Feasibility and physics potential of detecting 8B 
solar neutrinos at JUNO,” Chin. Phys. C 45 (2021)

“Model Independent Approach of the JUNO 8B Solar 
Neutrino Program,” Astrophys. J. 965 (2024) 2, 122.

Solar Neutrinos

20/09/2024

10 years data-taking

Expected Signal + Background
Reconstructed energy spectra

Oscillation and flux 
measurements

φ8B :  5%
θ12 :  8%
Δm21

2 :  20%
10 years exposure

Expected Sensitivity

(Would be first observation of 
8B CC + NC interactions on 13C)

High Energy 8B

JUNO: I. Morton-Blake
Solar neutrino

With 10 years, expect to reach:
Φ8B: 5%, θ12: 8%, Δm212: 20%

And geo-ν, supernova ν, 
atmospheric ν, etc. Correlated Density Measurements of Earth’s Layers NuFACT - 2024Anuj Kumar Upadhyay 20/09/2024 16

● The gray area: unphysical region where 
the hydrostatic equilibrium condition is 
violated

● White region: allowed by the gravitational 
measurements and hydrostatic 
equilibrium condition

● Neutrino oscillation data can help us to 
further constrain the allowed region

● An example of the complementarity to 
the existing measurements 

arXiv:2405.04986

Sensitivity for Constraining Correlated Density Jumps and Location of RCMB

Earth tomography using 50-kton 
magnetized iron calorimeter at 

INO: A.K. Padhyay

Assume normal mass ordering

https://indico.fnal.gov/event/63406/contributions/296970/attachments/181803/249438/NuFact_NeutrinosFromNaturalSources_v2_pdf.pdf
https://indico.fnal.gov/event/63406/contributions/296972/attachments/181918/249634/NuFACT2024-talk-Anuj-Upadhyay.pdf


New Accelerators
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21Julia Gehrlein

Neutrino factory
Results 

DUNE+HK+NF,

no CID
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• DUNE, HK will 
improve over 

current constraints 
• NF will reduce 

uncertainties even 
more 

• Results potentially 
even better due to 
improvements in 
LAr technology

[JG, Denton 2407.02572]

A modern look at the oscillation physics case at a neutrino factory

Results for a total of 

  decays40 kT − 1022 μ J. Gehrlein: ν factory

Neutrino Energy profile

5~10 GeV energy range > tau threshold
2024/9/19 Lepton portal for new physics 14

A. Ruzi: e+e-→μ+μ-

μ+ → νe, ν̄μ
μ− → νμ, ν̄e

https://indico.fnal.gov/event/63406/contributions/296968/attachments/181697/249352/NF_Gehrlein.pdf
https://indico.fnal.gov/event/63406/contributions/297916/attachments/181873/249562/Alim-Ruzi-NuFact-2024.pdf


Complementarity
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Allowed regions in sin2 ✓23 � �CP plane

150

200

250

300

350

sin2 �23 (true) = 0.455
�CP (true) = 169�

Full exposure Half exposure
DUNE
T2HK
DUNE + T2HK

DUNE
T2HK
DUNE + T2HK

sin2 �23 (true) = 0.581
�CP (true) = 169�

NMO (true)
3� (2 d.o.f.)

150

200

250

300

350

�CP (true) = 223� �CP (true) = 223�

0.42 0.44 0.46 0.48 0.50

150

200

250

300

350

�CP (true) = 313�

0.54 0.56 0.58 0.60

�CP (true) = 313�

0.0 0.2 0.4 0.6 0.8 1.0

sin2 �23 (test)

0.0

0.2

0.4

0.6

0.8

1.0

� C
P

(te
st)

Ritam Kundu, Sanjib Kumar Agarwalla, Masoom Singh (Institute of Physics, Bhubaneswar, IndiaarXiv: 2408.12735September 20, 2024)High precision measurements of oscillation parameters exploiting the complementarity between DUNE and T2HK

Contribution ID:- 130 NuFact 2024 - The 25th International Workshop on Neutrinos from Accelerators
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CP Coverage as a function of Systematics
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Eur.Phys.J.C. 83 (2023) 8,694

Given improved appearance systematic uncertainties in T2HK (2.7%), T2HK outperforms
DUNE (2%) in all the three scenarios.

If in Nature, both experiments end up achieving ⇠ 1.5 times higher app. syst. uncert. then
DUNE + T2HK remains the only solution to achieve 75% of CP coverage.

20th Sept., 2024, NuFact DUNE + T2HK: gateway to improved CP Coverage Masoom Singh, arXiv:2211.10620 18 / 22

Oscillation parameter 
measurements: R. Kundu

CP violation measurements:
M. Singh

https://indico.fnal.gov/event/63406/contributions/297886/attachments/181929/249654/Ritam_Nufact_2024_130.pdf
https://indico.fnal.gov/event/63406/contributions/297885/attachments/181900/249610/WG1-Masoom-Singh.pdf


Multi-experiment 
analyses are necessary!

14

Combining data from multi-experiments 
required: beam + atmospherics + reactor
Workshop: Understand the procedure 
and get prepared early Hosted by M. Scott

https://indico.fnal.gov/event/63406/page/3689-satellite-workshop-on-multi-experiment-oscillation-measurements


Multi-Experiment Analyses
• Discussed

• T2K+NOvA

• T2K+SK

• CMS+ATLAS (Higgs)

• JUNO, DUNE, HyperK, IceCube upgrade

• Comparison of tuned event rate prediction (constrained by near 
detectors) necessary

• Top priority: inter-operability of neutrino event generators - 
shared nuHEPMC event format

• PRISM techniques, common flux & geometry interfaces

• Common inputs, e.g. hadron production, lepton/meson scattering 
data

• Systematic uncertainties are sub-leading now, but not in the future
15



Summary of Summary
• Discussed the current results and the 

prospect of the future experiments

• Discussed how to improve the 
measurements

• Hadron production

• Constraints & control samples

• Other probes & new accelerators

• Multi-experiment analyses are necessary!

• Need to get prepared early

• Mark stepping down, thank you!

16

NuFACT 2024:
Working Group 1 Introduction

Mark Scott for the WG1 Conveners
m.scott09@imperial.ac.uk

Monday 16th September

Mark Scott
Imperial College London

Yun-Tse Tsai
Stanford, SLAC

Sanjib Kumar Agarwalla
Bhubaneswar, Institute of Physics

NuFACT 2024:
Working Group 1 Introduction

Mark Scott for the WG1 Conveners
m.scott09@imperial.ac.uk

Monday 16th September

Mark Scott
Imperial College London

Yun-Tse Tsai
Stanford, SLAC

Sanjib Kumar Agarwalla
Bhubaneswar, Institute of Physics



Extras
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NuFACT 2024 Satellite Workshop: 
Multi-experiment oscillation analysis

Mark Scott 
m.scott09@imperial.ac.uk

Sunday 15th September



M. Scott

Overview
• Next generation of experiments aim for precision neutrino physics 

– Direct searches for new physics, unitarity of PMNS 
– These searches require combining data from multiple experiments 
– Need reactor and atmospheric, not just beam 

• (Updated) Goals for workshop: 
– Start (hopefully regular) discussion between experiments to make combinations 

easier 
– Get ideas for ways to work together in future 
– Understand what steps we can take now to allow combined analyses in the 

future 

Multi-experiment analyses take a long time to perform (4+ years) so must start 
discussing earlier rather than later 

19



M. Scott

Ongoing multi-experiment analyses 
• Heard details from  

– T2K + NOvA 

– T2K + SK 

– CMS + ATLAS Higgs combinations 

• Discussed physics but also  
sociological side 

• Also heard from next generation of experiments 

– JUNO, DUNE, Hyper-K, IceCube-Upgrade 

– Clear interest in the community! 

20



M. Scott

Takeaways from workshop
• Comparison of tuned event rate predictions (after near detector constraint) between 

experiments necessary for robustness 
– Benefit from PRISM technique (IWCD and DUNE-PRISM) 
– Sharing of near detector data could be less sensitive than oscillation data 
– Requires inter-operability of neutrino event generators – shared nuHEPMC 

event format a necessary first step 
– Common flux and geometry interfaces also beneficial 

• Common inputs, such as hadron production data, lepton and meson scattering 
experiments 
– Uncertainties are sub-leading now, but not in the future 
– Multi-experiment analysis may be useful to motivate these experiments 
– Should consider how these will impact individual neutrino experiments 

21


