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Overview

* Where were T2K and NOVA when we started joint analysis and what
were we trying to do
* For how we ended up where we did see Ryan’s talk

* Some key choices we made and why
* What might we do differently if circumstances were different

e Caveat: These are my personal opinions having been through the
process and not official views
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Background
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Long-baseline oscillation experiments

Previous Generation Current Generation". Next Generation
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T2K collects first
beam data.
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Published dataset[1'2] until 2020 by both [1] T2K: Eur. Phys. J. C (2023) 83:782 (2023)

" . [2] NOVA: Phys. Rev D 106, 032004 (2022) (Frequentist)
experiments. Our results use this dataset! and arXiv:2311.07835 (Bayesian)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-023-11819-x
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.032004
https://arxiv.org/abs/2311.07835

« The experiments have different analysis
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Construction of the individual analyses

e Central value models and systematic uncertainties around them are not the same

» Different MC generators are used by both experiments (T2K: NEUT, NOVA: Genie)

* Analysis codes used are not the same and do not simultaneously compile against
each other
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Frequentist Fits

Why NOVA-T2K joint fit? o7F NG

« The complementarity between the experiments
provides the power to break degeneracies
and improve oscillation sensitivity

. 2
sin 623

T2KEPJC 2023 » BF — =<90%CL - =68% CL
NOVA PRD 2022+ BF | | <90% cL [[] =68%CL

« Full implementation of:
dEnergy reconstruction and detector response ” 2 60 5 "
O petailed likelihood from each experiment

CP
O Consistent statistical inference across the full : :
dimensionality 0.6F -

« In-depth review of: E o5 s .

O Models, systematic uncertainties and possible

N _
0.7 Inverted Ordering ]

0.4F =

Correlations E " T2KEPJC 2023 — <90%CL --- <68% CLE

- - 5 B <90% CL < 68% CL

Qpifferent analysis approaches driven by 03t N(?V".‘P.::l?zfm. e E e
contrasting detector designs 2 Sop 2

Results from NOvVA and TZK from 2020 datasets
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Constructing the
NOVA-T2K joint analysis
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Constructing the joint-analysis

* Ajoint fit needs a joint likelihood to interrogate
External constraints

« Components of this are: QL Clllglelele

1. Poisson likelihood comparing data to

predictions as a function of model parameters

T2K NOvVA

2. Penalty terms from the priors on those likelihood likelihood

e

Systematics
solar and reactor neutrino experiments Penalty terms

D 12K\

parameters

3. External constraints on 0,3, 0,,, Am%l from
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Constructing the joint-analysis

* Ajoint fit needs a joint likelihood to interrogate
External constraints

e Components of this are: likelihood

1. Poisson likelihood comparing data to

nredictions as a function of model parameters

T2K NOvVA

likelihood likelihood

7

Systematics
Penalty terms

2. Penalty terms from the priors on those

parameters

3. External constraints on 0,3, 0,,, Am%l from

solar and reactor neutrino experiments

e 2 and 3 are easy, 1 is hard
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Sharing the sample likelihood

* Each experiment has spent a lot of time and personpower making their ‘fitter’ able to predict their FD event rates
* This is not implemented in a way that makes it easily portable to another codebase
* These codebases do not compile against each other simultaneously due to dependency versioning etc.

External constraints
likelihood

T2K NOVA

likelihood likelihood

Systematics
Penalty terms

Red represents must be T2K codebase & blue shows must be NOVA codebase.
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Constructing the joint-analysis

Solution is to compartmentalise analysis using containers

e Link to bifrost: https://github.com/nova-t2k/bifrost/tree/main

External constraints
likelihood

,/

T2K NOvVA

likelihood likelihood

N\

Systematics
Penalty terms

IMPERIAL =

Both T2K and NOvA’s Bayesian analysis frameworks were packaged into containers
’Bridge’ into and out of the container was constructed that returned LLH when given parameter values

Existing analyses then able to interrogate other experiment’s container

Systematics
Penalty terms

Red represents T2K codebase & blue shows NOVA codeb

External constraints
likelihood

likelihood

(S

N~
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https://github.com/nova-t2k/bifrost/tree/main

Was this a good idea?

Pros: Cons:
* Existing analyses can be used as is * Internals are hidden from the other
e No arguing over who overhauls code  experiment making validation harder
to be compatible * Eg checking all data spectra being

fit for a given study cannot be

* Internals are hidden from the other
done by one person

experiment easing political issues
around data sharing

Conclusion:

* Right thing for T2K+NOVA:

* We started after experiments had been running for years, had existing analyses, no
common/compatible fitting frameworks

* Political will was not there for full openness at start of effort and personpower was not
present for full code overhaul

* This approach let us surmount real obstacles we had no other solution for

I M P E R I A L Patrick Dunne 13 @ TZ}K\
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Was this a good idea?

Pros: Cons:
* Existing analyses can be used as is * Internals are hidden from the other
* No arguing over who overhauls code  experiment making validation harder
to be compatible * Eg checking all data spectra being

fit for a given study cannot be

* Internals are hidden from the other
done by one person

experiment easing political issues
around data sharing

Conclusion:

* Maybe not the right thing if you start earlier

* Feedback and validation loops being long caused real issues taking up analyser time and
making studies take longer to complete

* We never had problems with one collaboration trying to reverse engineer the other’s result
and data sharing worries relaxed fairly quickly once we were working together
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What are you actually combining?

ToRy ©

( ND Fliix Cross w T Flux Model
Dat Model Section ND . )
\L Model Data (" Cross )
e Section
( )
FD FD ND Model
Data Detector Detector | FD t i
- = ) Model Model Data Detector
| \ \ ) | Model | J

Challenge: When? What? How? to correlate common
physics parameters between the two experiments.
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Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters

*Phys. Rev. D 86, 053003

IMPERIAL @ T2/K\



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.053003

Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters

* Strategy: Explore a range of artificially crafted scenarios to
bracket the impact of possible correlations

- Am’ Nightmare Fake Data 1o CIs

2.5 With reactor constraint —f

 Example: Fabricated systematics equal in size to total N> Sy @ E
statistical uncertainty, causing a correlated bias in the m‘” X 35 . Sim. Point ]
oscillation dip across both experiments. 2 TE__ Fully Correlated -

* Uncorrelated and correctly correlated (full X - Uncorrelated -
correlation) credible intervals agree with negligible |~ &-2.3 —_ Anticorrelated —
differences, while incorrectly correlating systematics 2 4F /’—\ 3
shows a bias. -2.5F @ =

04 05 06
« 2
sin“0,,

*Phys. Rev. D 86, 053003
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.053003

Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters
* Strategy: Explore a range of artificially crafted scenarios to

Fitter: MaCh3 Full

: - _ - Am’ Nightmare Fake Data 1o Cls Both MO 7 Z
bracket the impact of possible correlations 2.5E-With reactor constraint 4O
* Example: Fabricated systematics equal in size to total |, 5 af @ E §>
statistical uncertainty, causing a correlated bias in the “PO X 35_ . Sim. Point _E —
oscillation dip across both experiments. S T Fully Correlated . [%)
* Uncorrelated and correctly correlated (full X - — Uncorrelated ]
correlation) credible intervals agree with negligible |~ &-2.3— Anticorrelated - %
differences, while incorrectly correlating systematics _2,43— — 5
shows a bias. _25F @ E ?2
Lessons: Shared models with ability to describe all targets and - 1=
energy ranges of T2K and NOvVA not currently mature so these 04 ,O‘g 0.6
studies were key to joint fit feasibility Sin 823

Caveat: All of these studies are specific to T2K and NOvVA at

current exposure. Assumption will break down at some point
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.053003
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Cross-section: Impact of alternate models
* Evaluate the robustness of the fit against various o i T2Kv, sample ;M?“CE_“?A%‘ E
alternate models 1o :
* Generated simulated fake data using reweighting of- E
to alternate models for both the near and far i3 E
detector, then analyze the credible intervals of E E
the full joint-fit L E
 Compare results against nominal fit and make s T T e o
sure certain criteria are met I A
2 [ NOvA fom ND mock data
Lﬁ 15_— vy, sample ]f3aselli\rI1]3Mod:1d t ]
[ ® MINERVA I i
B mock data _
10 —
s .
: - _
T e e
*Phys. Rev. D 100. 072005 (2019) Reconstructed Neutrino Energy (GeV)
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https://doi.org/10.1103/PhysRevD.100.072005

Cross-section: Impact of alternate models

* Evaluate the robustness of the fit against various £ fi T2Kv,sample i
alternate models e | ——

* Generated simulated fake data using reweighting of E
to alternate models for both the near and far o E
detector, then analyze the credible intervals of : E
the full joint-fit . E

» Compare results against nominal fit and make s T T e o
sure certain criteria are met e T i o]
=t NOvA from ND mock data -

15 v, sample Baseline Model 7

* Today’s focus is on ability to do these studies in a joint fit, I * MINERVA Lx 1
many people present who can discuss pros/cons of these : mock data ]
studies in oscillation analyses generally 10:_ _

Key problem is ability to actually look at the same model in i -
both experiments at the same time °C ]

I Il S

*Phys. Rev. D 100. 072005 (2019) Reconstructed Neutrino Energy (GeV)
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Alternate model tests

* T2K uses Neut, NOVA uses Genie. Neither experiment has run a
production with the other generator for oscillation analysis for a long time

* Each experiment’s analysis and simulation toolchain cannot easily take
input from the other’s generator

* How then do you actually fit data generated with the same model in both
experiments at the same time?

=8 — 12K\ ﬁ«—»@
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Alternate model tests

* Answer is reweighting with a careful choice of variables and binning to ensure
fit variables are properly described

* Long process requiring much care and hard validations as answer isn’t obvious

BANFF Pre NOvA2020
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A better way! - NUHEPMC

* If you were starting from scratch why not agree on the format for generator
output/analysis simulation input to directly generate data with same model

 Collider physics world has had this for a long time starting with the Les
Houches accords ~2001 and now leading to LHE files/HEPMC3

* NUuHEPMC effort uses HEPMC3 format from collider physics with agreed
extra neutrino information to make a common generator output format

SN Computer Physics
GO DN/4

Communications
Volume 260, March 2021, 107310

common /HEPRUP/ IDBMUP(2), EBMUP(2), PDEGUP(2), PDFSUP(2),
IDWTUP, NPRUP, XSECUP(MAXPUP), XERRUP(NAXPUP),

+ XMAXUP (MAXPUP) , LPRUP (MAXPUP) i

conmon /HEPEUP/ NUP, IDPRUP, XWGIUP, SCALUP, AQEDUP, AQCDUP, ‘The HepMC3 event record llbfafy ‘ NuHEPMC
+ IDUP (MAXNUP), ISTUP(MAXNUP), MOTHUP(2,MAXNUP), for Monte Carlo event generators

+

ICOLUP (2, MAXNUP), PUP(5,MAXNUP), VTTMUP (MAXNUP),

SPINUP (HAXNUP) - o g

Andy Buckley @, Philip Ilten b Dmitri Konstantinov €, Leif Lénnblad 9,

James Monk ¢ f, Witold Pokorski 9, Tomasz Przedzinski ",
Andrii Verbytskyi ' & =i

I M P E R I A L Patrick Dunne 23 Tz K
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A better way! - NUHEPMC

Experiment

NuHEPMC sim/reco
package

NuWro

\V/

(,

I M P E R I A L Patrick Dunne
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* If all experiments going
forward agree to be able to
take in this format, alternate
model studies can be done
much faster and much more
robustly

e With another hat on the DUNE
Phase Il ND reco can already use

NuHEPMC

* Not only useful for alternate
model studies in joint fits but
also in standalone analyses

* Also opens up the possibility
for shared central valug

models and uncertainties
D 12K
N O~



Summary

e T2K+NOVA analysis used several innovative methods that allowed
us to combine already designed analyses

e Choices driven by context when analysis started that one might
revisit if starting from scratch with new experiments:

25
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Normal mass ordering

NOvA+T2K —e— 2.429709%89 1.5% I
TR —— a8 o0 20%
NOvA —— 2.39 +005 21%
MINOS+ ———— 2.40 1008 3.5%
SuperK+T2K —e— 2.51170:9%9 2.4%
IceCube ——— 2.41 +007  2.9%
SuperK —_— 2.40 fggg 3.3%
Daya Bay nGd —— 2.466+0.060 2.4%
RENO  nGd —_———— 2.69 1012 4.5%
RENO nH * 2.48 1028 121%
22 23 24 25 26 27 28 29
|AmZ,|, 1073 eV?
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Summary

e T2K+NOVA analysis used several innovative methods that allowed
us to combine already designed analyses

* Choices driven by context when analysis started that one might
revisit if starting from scratch with new experiments:

1. Containerised LLHs

* Meaningfully increase validation cycles and make some
studies hard to run

IMPERIAL =

External constraints
likelihood

T2K NOvVA
likelihood likelihood

N\

Systematics
Penalty terms




Summary

¢ T2K+NOVA analysis used several innovative methods that allowed Am? Nightmare Fake Data 1o Cls

us to combine already designed analyses o 2op Withreactor ConStraim@\ E
L . | T 24F — E

* Choices driven by context when analysis started that one might  [«~ ,;F « Sim.Point E
. ey . . . ) “E ]
revisit if starting from scratch with new experiments: — - — Fully Correlated -

X : Uncorrelated 1

2. Correlation impact checks ~ 4 =2-3F— Anticorrelated E

* Systematics are sub-dominant for our input analyses so it was _2'4;_ @ EE
-2.5F =

plausible that correlations could be negligible

0.4 05 0.6

* This made it worth testing if they were to avoid needing .5
sin“0,,

unified xsec model

e This assumption will break at some point plus the next
generation of experiments might need the more sophisticated
unified models anyway
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Summary

* T2K+NOVA analysis used several innovative methods that allowed BANFF Pre
us to combine already designed analyses

NOvA2020

* Choices driven by context when analysis started that one might
revisit if starting from scratch with new experiments:

ERecQE (GeV)

2
do/dE, E, o cM? GeV’

3. Parameterised reconstruction mapping

E RecQE (GeV)
Evt. Rate Ratio

* Not exact and needed careful thought for each study on
whether variables used were right

* Newer techniques like NUHEPMC would allow other generator
models to go through exact reco
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07T Bayesian Cred. Int. NO Conditional
i With reactor constraint
0.6_—
Summary I .
Je [
. L . . . S o5
* Resulting analysis lifted degeneracies and meaningfully improved :
oscillation parameter constraints i
04—
— lo
* Process itself was valuable: | certainly learned a lot about both L LA I ST |
experiments and the working group continues to be a great source . Scp 2
of new ideas for oscillation analyses 07 =
- Bayesian Cred. Int. 10 Conditional
-  With reactor constraint
0.6_—
Q .
ci i —— NOvA-only
i w05 — T2K-only
11 e i D NOvVvA+T2K
0.4:— — s
C | L |
TT

A

T2K
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Backup
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Models & Systematics

e Challenge: When? What? How? to correlate common physics

[ Flux Model ] parameters between the two experiments.

* Strategy:

[ Detector Model J [ Is the overall impact negligible on the result?

Do we expect any correlations between the experiments?

[ Is the impact of the correlations negligible on the result?

Cross Section
Model

IMPERIAL a1 @ T2/K\




Models & Systematics

* Different energies

[ R J + Different tuning to external data A No significant correlations between

the experiments

* thin target vs thick target data

* Enters the analysis differently

IMPERIAL 32 @\ T2/K\



Models & Systematics

* Different energies

A No significant correlations between

[ Flux Model ] Different tuning to external data | |
* thin target vs thick target data the experlments

* Enters the analysis differently

= Different detector design and targets _ _
A Explored possible correlations

[ J = Different selections
Detector Model - - - A
- inclusive vs exclusive outgoing pions between leptonic energy scales; pion
= Different energy reconstruction and neutron secondary interactions

= calorimetric vs lepton kinematics
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Models & Systematics

* Different energies
[ ] . Different tuning to external data 0 No significant correlations between
Flux Model s i
thin target vs thick target data the experlments
* Enters the analysis differently
= Different detector design and targets |
[ J = Different selections O No significant correlations between
Detector Model ==
= inclusive vs exclusive outgoing pions the experiments
= Different energy reconstruction

= calorimetric vs lepton kinematics
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Models & Systematics

* Different energies
[ ] . Different tuning to external data 0 No significant correlations between
Flux Model b )
thin target vs thick target data the experlments
* Enters the analysis differently
= Different detector design and targets
[ J = Different selections a No significant correlations between
Detector Model b
inclusive vs exclusive outgoing pions the experiments
= Different energy reconstruction
calorimetric vs lepton kinematics -
= As the underlying physics is fundamentally ]
[ Cros',\;osdeec;.tion ] the same, we expect correlations Q Investigate the impact of models
= optimized for different energy ranges e
= Systematics are designed for individual Y

IMPERIAL models and analysis strategies .. - @ TZ’K\
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Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters
* Exception: Uncertainties in v, /v, and v, /v, cross-
section have identical origin* and similar treatment
* Fully correlated in the joint fit.

*Phys. Rev. D 86, 053003
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.053003

Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters
* Exception: Uncertainties in v, /v, and v, /v, cross-
section have identical origin* and similar treatment
* Fully correlated in the joint fit.

* Strategy: Explore a range of artificially crafted scenarios to
bracket the impact of possible correlations.

*Phys. Rev. D 86, 053003
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.86.053003

Cross-section: Impact of correlations

e Challenge: No direct mapping between the cross-section
systematics parameters
* Exception: Uncertainties in v, /v, and v, /v, cross-
section have identical origin* and similar treatment

- Am’ Nightmare Fake Data 1o CIs

o 2.5 :—With reactor constraint —f

* Fully correlated in the joint fit. % 2 ab @ E

¢ 2 3E ° Sim. Point -

* Strategy: Explore a range of artificially crafted scenarios to | & C Fully Correlated ]
bracket the impact of possible correlations X - Uncorrelated -

« Example: Fabricated systematics equal in size to total |« & ~2-3F— Anticorrelated _

statistical uncertainty, causing a correlated bias in the 24 /’_\
oscillation dip across both experiments. _25F @

* Uncorrelated and correctly correlated (full -
correlation) credible intervals agree with negligible 0.4 .0-3 0.6
differences, while incorrectly correlating systematics SIn“0,,

shows a bias.

*Phys. Rev. D 86, 053003
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[ ] . f
Cross-section: Impact of alternate models

. . _ L I R
* Evaluate the robustness of the fit against various alternate "o i T2Kv,sample "7 3
o ;i. — Baseline Model
m Od e I S 14 :_ “ | Prediction from _:
12:_ JND Mock Data_:
* Generated simulated fake data using reweighting to ol =
alternate models for both the near and far detector, then o E
analyze the credible intervals of the full joint-fit E E
* Pre-decided thresholds for bias: 2 -

0 P L P T E T S NN ST S S T ST
* Change in the width of the 1D intervals <10% S 1 Reconsucted Noutin Enery (61
[72) B L L L
e Change in central value < 50% of systematic uncertainty S [ NOVA Prediction extrapolated,
- 15_— vy, sample Baseline Model ]
i ® MINERVA In ]
. o . 0 = mock data ]
* Example: Suppression in single pion channel based on 10~ .
tune to the MINERVA data*® i ]
sl N
O_ - PR A TN W T SN AN SN TN SN TN NN SR SO SN A S S S ]
0 1 2 3 4 5
*Phys. Rev. D 100. 072005 (2019) Reconstructed Neutrino Energy (GeV)
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https://doi.org/10.1103/PhysRevD.100.072005

T ‘Both MO 1
[ ——— Nominal scaled to -
= Example: Suppression in single pion channel > 2-6;— T pya I stadisties —
based on the tune to the MINERVA data* 2 2% Y
" Lo 24r E
= Additional tests: = : :
< 23F —es%ClL 7
= Cross-experiment models after the ND po el
_ 0.4 0.5 0.6
constraint sin’0),,
c | Iomlinal scalle | ()] | ‘Both MO -
= Impact of alternative nuclear response T R st ]
d I HF CRPA** § 0021 _.IOMINERVA 1n FDS fit ]
mO e . = % i ::20
= 30
= Full list available in backup 2
Q 0.01_
o L
= No alternate model tests failed the preset =
. . . o——
threShOId bIaS criteria. *Phys. Rev. D 100, 072005 (2019) o4
** Phys. Rev. D 106, 073001 (2022)
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Models & Systematics

* Different energies
[ Flux Model ]

A No significant correlations between

Different tuning to external data

thin target vs thick target data the eXperlmentS

* Enters the analysis differently

= Different detector design and targets

= Different selections a No significant correlations between
Detector Model —— o ot _ —
- INCIUSIVE VS eXClusive outgoing p!ons _the eXperlmentS
= Different energy reconstruction
= calorimetric vs lepton kinematics -
= As the underlying physics is fundamentally™] Q Impact of correlations is negligible on the
[ Cmﬁosdee‘itm" ] the same, we expect correlations results at the current statistical
= Different neutrino interaction models L significance.

= optimized for different energy ranges

= Systematics are designed for individual

data ex ures.
IMPERTIAL models and analysis strategies - 4 Sxposures @ TZ’K\
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Frequentist Fits

Why NOVA-T2K joint fit? o7F NG

The complementarity between the experiments o
provides the power to break degeneracies. £
+ Full implementation of: A K EPIC 2023 = BF — = 90% L v =639 GL
Energy reconstruction and detector response 0.3 }VCI’V‘L}PIR? ZI"ZIZ*IBIF IDIS?O% o Il =687 CL
[W4|petailed likelihood from each experiment i A "
Consistent statistical inference across the full 07F mered Oderma 3
dimensionality :
« In-depth review of: &,O'SE v 1
Models, systematic uncertainties and possible ‘ﬁz 0.5 7 E
correlations @ oab E
Different analysis approaches driven by - T2KEPJC2023  — =90%CL = <68% Ol
contrasting detector designs. O-Cf;;. N(?V‘A.‘P.:l.”."z? s o E 5.68‘.)/"(.1—:%

2 6 2
Results from NOvVA and TZK from 2020 datasets
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Data Results
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With reactor constraint

FD Data Samples S W R

Posteriorrange:ll1ic 20| 30 ]

a
o
T T

>
L4
* The joint-fit uses the data collected by each © °
experiment up until 2020. Q30f
7)) i
* Using both experiments data roughly doubles the I%:?O :

total statistics at the far detectors. 10

.3 4 5 v, samples
Reconstructed neutrino energy (GeV) i: backpup
With reactor constraint
NOVA T2K 25 | 1 T T T | 1 T T 1 I T T T T I T T 1 I
i Far Detector data: ¢
Ve 82 94 (veOm) [ Posteriorrange:ll 1c 20! 30

N

o
T
|

14 (v.1n)
33 16
211 318
" 105 137

< |
(0]
—h
(82
L L
|

<
=

< |
Events /0.1 GeV
o
|
—
_}_

($)]
T

Reconstructed neutrlno energy GeV
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With reactor constraint

Compatibility of datasets o Tl wzemso ;

= Posterior predictive p-values (PPP)* ye1|;r sall(mplei
0 i N DaCcku

= Compare likelihood best fit to data and fluctuated g0 P

predictions o[ _

= A good PPP is around 0.5 51 .

= The data from both experiments is described well _l_ _
by the joint fit T

y tne joint TIt. 0 02 04 06 08 1 1.2
Reconstructed neutrino energy (GeV)

NOVA TZ K Combined > With reactor constraint

Ve 0.90 0.19 (v 0.62 0] pwpebloniD |

0.79 (v 1) Posterior range;. 1 olglgh P(IBDG S

Ve 0.21 0.67 0.40 30 - .

v, 0.68 0.48 0.62 5 | E

;20 [ .

Vi 0.38 0.87 0.72 ; i ;

Total 0.64 0.72 0.75 10 & " " :

0¥5-1-.x..,,1'm-h

posterior predictive p-value ST 54
*Statistica Sinica, vol. 6, no. 4. 1996, pp. 733-60. JSTOR Reconstructed neutrino energy (GeV)
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https://www.jstor.org/stable/24306036

| ZA ap al With reactor constraint

" 11 B IFIarIDelecizolrdlaallﬂl-l I
COmpathlllty Of datasets 6 Post;riotrrangte:.10I20 30 .
= Posterior predictive p-values (PPP)* ; ﬁ '
= Compare likelihood best fit to data and fluctuated Il |
predictions M| + _

= A good PPP is around 0.5 2r = +| T )

= The data from both experiments is described well Z‘ ‘ ‘ I
by the joint fit. 0, Y RSy e SRS S

Reconstructed neutrino energy (GeV)

NOvVA T2K Combined ) NOVA V_ appearance With reactor constraint

S 71— 1 I W

Ve 0.90 0.19 (o) 0.62 { I Low PID I RLUEN.

[ Far Detector data: 4 High PID Peripheral ]

0.79 (v.1n) 20 - Posterior range:[ll ic 206 30 5

Ve 0.21 0.67 0.40 : '
2151 ]

A 0.68 0.48 0.62 § i :

v, 0.38 0.87 0.72 Ao ]
Total 0.64 0.72 0.75 5 ii— * i .
posterior predictive p-value 0 —— = 1 ) 'l‘"' :

*Statistica Sinica, vol. 6, no. 4, 1996, pp. 733-60. JSTOR Reconstructed neutrlno energy (GeV)
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I\/l IXI n g a n g ‘ eS ¢ e & e 0.25¢ Bayesian Cred. Int. Both MO
e 2 3 13 E No reactor constraint
0.2F
: : o 0.15F
e Without any external constraint from reactor IS K
g -
. . = 0.1
experiments, long-baseline measurements g .
) 0.05F
have a degeneracy in sin“ 8,5 and :
. O_""""""'
sin“ 20,5 parameters. 04 05 06
sin“6,,
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I\/l IXI n g a n g ‘ e S ¢ e & e 0.25¢ Bayesian Cred. Int. Both MO
e 2 3 13 E No reactor constraint
0.2
_ _ o OA5F e
* Without any external constraint from reactor IS ' N
.E 0 1_ \ (-\ ~—:<.
experiments, long-baseline measurements c T T
. ) 0.05 :_ constraint Ttmreeeeeeeeees”t
have a degeneracy in sin® 8,3 and Ak lo ——20 30
. I,’I 0'..|....|....|.
sin? 20,5 parameters. Note: change in 0 0 0.6
scale for y-axis S 623
\\ 0'1_ Bayesian Cred. Int. Both MO
\‘4 | With reactor constraint
e Using th ' in? 20,3 = -
sing the average constraint on sin 13 c 0.09
= [
o @\ B
0.085 + 0.0027 [PDG 2020], restricts us to 2 .
. . . . @ 0.08
a narrow posterior in 0,5 and lifts this -
degeneracy. i
g Y 0.07+
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Mixing angles: 0,; & 6,

* No significant preference for either octant from

the joint-analysis.

* This preference shifts to a small but still
insignificant preference for the upper octant when

the reactor constraint on 0,5 is applied.

Bayes 1.17 3.59
factor Lower Octant/Upper Octant Upper Octant/Lower Octant
~549%, : ~46% posterior ~78% : 22% posterior
IMPERIAL 49

Posterior density

Posterior density

Areurwur[ard

| Bayesian Cred. Int. Both MO
: No reactor constraint
0.021 Bic
- B2o
_ 30
0.01-
L
0 04 025 0.6
sin“0,,
- Bayesian Cred. Int. Both MO
~ With reactor constraint
0.03 ~
- Bic
- H2o
0.02 ~ D 36
0.011
i |
0 04

MZ1-VAON

JeurwII[od
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Am3, and sin? 0,3

* Marginalizing over each mass ordering, we note a small but distinct difference in the sin® 8,3 and Am%z

phase space.

* Measurements remain consistent with the maximal mixing hypothesis for 8,3 mixing angle.

Note: Conditional posteriors are marginalized over

,,,,, each mass ordering separately. """"---______
2.7 . T . —-
- Bayesian Cred. Int. NO Conditional | Z - Bayesian Cred. Int. Z
- With reactor constraint O - With reactor constraint @)
N B < N B <
> 2,60 > > 260 L e >
L T L L L TN 1 D) e LR 7 S 1
((Ij : ....................... '/ " [@ (-? : : (/- ~N—__ — \ §
- _—-— T ~ . — .
S 25) = \ | =g 23 . | >
X - .\ ] X - ' /
C ! ; ., . N / .,
— \ J = — ~— — =)
o 24+ % \ . o ~ 24 T —— . a
S Ksp B N 7 —_ o en R L T —
E : o.~~..\\____/ ""o é. E : 5.
< 23 :_ .................... 5 . < 23 :_ 5 .
- — o ——25 30 = - —lo —=20 30 =
= < - <
2.2 ] ] | ] ] ] ] | ] ] ] ] | ] ] 2.2 1 1 | ] ] ] ] | ] ] ] ] | ] ]
04 0.5 0.6 04 : .
sin’0
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Mass Ordering

Inverted MO

Normal MO

" Bayesian Cred. Int.
- With reactor constraint

o o
- -
oY) 5

=
-
NS}

Posterior density
-

Comparing the posterior density in each

mass ordering, the NOVA-T2K joint fit

has a

but no significant preference

26-25-24-223

23 24 25 2.6

Am3, [107eV?]

Bayes factor
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i PIBa};esilanICrled.]Iné. - | INI() I(j(l)n(I]itlimllall 1 =
CP Phase - 0 e

CP €

% P . N\\ 19
(? "0’ ’0"‘ \ . |
! ' ' ! | i ' ! ! | . ! ! . | : ’ ’ i . —
| Bayesian Cred. Int. Both MO = \\:

- With reactor constraint . A
CDQ ------- 30 i
(Q\ P ]
= T T
90] — 2
= i ]I3a};esilanICrled.IIn‘lc. I | l ]
- With reactor constraint :
0.6~ ==, -
B /\ ; ]
on - B -
. o R \\ / ]
= Normal MO: wider range of allowed values with higher g Ly [ ]
7 L / i
: : . [ . N~ i
posterior density near CP conservation [ e 1
~— 0.4 .
enhanced preference for maximum CP violation ! —lo ——2 v 30 1
[ ! ! ) | ) ! | ) | ! ]
. —T T T T
and a large exclusion of 6., phase space. -3 0 5
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CP Violation

 For both mass orderings, 6.p = +11/2 lies

outside 3-sigma credible interval.

 Normal Ordering allows for a broad

range of permissible 0

* For the , CP
conserving values of lie
credible interval.
IMPERIAL

Posterior density

Both MO

Inverted

- Bayesian Cred. Int.
" With reactor constraint

== Both MO
Inverted MO
== Normal MO

— lo

20

vlal-

53
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B NO Conditional
. I . ‘ k > 0.05__ Bio
CP Violation: Jariskog g 220
: L. L S 30
= Jarlskog-invariant is a parameterization 5 Eiaﬁn E’_Cf;é ) :;>
= | Flat in sin(0p
. . . =
independent way* to measure CP violation. g
z |
Q_‘ L
. 2 . . . B Cred. Int.
J = sin 613 cos” 013 sin B2 cos O}, sin 6»3 cos 6,3 sin Ocp 0.05- Vﬁﬁ?j‘;‘aorfconrs‘mm
_ — 0.0 T 0 o005 G Zesty
J=0: CP-Conservation J # 0: CP-Violation J=513038, €128 G538 So0 = sin dep
* For Normal Ordering, a considerably wider range 02 Bic
.ﬁ i 2
of probable values for J £ f %32
E O_Flat in 3
o . .
E) | Flatin sin(8) \L‘J—J/
T
ch L
0 2|-Bayesian Cred. Int.
« for priors that are both uniform in 6cp and uniform | With reactor constraint

i sin S ~0.05 , 0 0.05
in sin _
e *Phys. Rev. D 100, 053004 (2019) J=813C13812€12 933 S5,
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https://doi.org/10.1103/PhysRevD.100.053004

- NO Conditional %
‘ 0.05_— Bio N
E— 2 >
- Bayesian Cred. Int. 10 Conditional | Z 7 - 20 |
L With reactor constraint 9 % i T30 ;j
g 10 3 Jic [26 [J3c > S [ Flatin b, T~ ~
8 R - | Flat in sin(3,) — 8 | Flat in sin(8) f.-")/ "3?
3 10 %’ 3 - =r
= - 8 L a
oo -3 '-U Q_‘ | [
8 10° ¢ X 8 0 OS_Bayesian Cred. Int. g
.4;5 - 5’_‘ 7 With reacfor constraint Q
o - : : : : : : : ' ' ' cij = cosB;;
: 5 = 51313512 €12 523 €23 5, Sscp = 51N Scp
1075 —— (S I O N R B - 10 Conditional | Z
0.04 ] =2.0%2 . c0 . 0.802 0.04 Note: log scale Bic 9
13 ~13 ®12 *12 23 %23 S5, for y-axis o >
() 1
—~
] [ ] o 3
* J =0 lies outside the 3c interval for the Inverted Mo |12
—
i ke e
Ordering 5 c,
+~ —
: : : : 8 3
* for priors that are both uniform in cp and uniform ¥ . 5
0 Bayesian Cred. Int. &
in sin 8CP “N With reactor constraint Q
-0.05 , 0 0.05
*Phys. Rev. D 100, 053004 (2019) J=813C13812€12 933 S5,
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Comparisons
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Comparison with
NOVA-only & T2K-only fits

* The joint-fit prefers the region in the normal
ordering where the two individual experiment’s

preference overlaps as you’d expect.

* There is a tighter constraint in the Inverted
Ordering where NOvA-only and T2K-only had the

same best fit point.

IMPERIAL 27

)
sin 623

QY
D

sin?

0.7
- Bayesian Cred. Int. NO Conditional | <.
~ With reactor constraint 9
7
—]
[\
: 2
i a
. —
- G,
- §
i =
1 | 1 I 1 1 1 I 1 '\<
—T _I 0 1 T
2 6 2
Cp
0.7 ; " 7
- Bayesian Cred. Int. 10 Conditional
- With reactor constraint 9
0.6 i :'{>
T —J
(\®)
i = NOvA-only 5
05~ = T2K-only =
I NOVA+T2K | =
=4
i =
C I 1 1 I 1 1 1 1 | 1 k<
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Comparison with — ST

N OVA—OH |y & g | Bayesian Cred. Int. 1T — NOvA-only _
| With reactor constraint 1 —— T2K-only _
- ' - . 1 Bl NOvA+T2K A
T2K-only fits Z T VAXTZIC -
= 6 1 -
» The 1D posterior in Am2, highlights| -2 I T ]
the switch in the mass ordering 5 A T .
preference when NOvVA and T2K are ';&‘:1) a 1 _
combined. % i T ]
* The joint-fit enhances the precision | A 2 1 B
of Am%, over individual - T 1

experiments. gANANL Wl -

-26 =25 -24 23 23 24 25 26
Am3, [107eV?]
2.07 4.24
Bayes factor Normal/Inverted Normal/Inverted
~67% : ~33% posterior ~81% : ~19% posterior
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Global Comparisons - Am%z

Normal mass ordering

NOvA+T2K —e— 2.429700% 1.5%
* This analysis has the smallest T T T
NOvA —— 2.39 +0.05 21%
) MINOS+ ———— 2.40 008 3.5%
° SuperK+T2K —— 2.511f818g8 2.4%
uncertainty on |Amj3, | as L
SuperK —_—— 2.40 50T 3.3%
. Daya Bay nGd —— 2.466+0.060 2.4%
compared to other previous RENO  nCd . 269 0 1
RENO nH . 2.48 03 121%
92 23 24 25 26 27 28 29
measurements. |[Am3,|, 1072 eV?
Inverted mass ordering
I_NOvA+T2K —e— 2.477+0035 1.4%
T2K —— 2.53 4005 2.0%
NOvA —— 2.44 +0.05 2.0%
MINOS+ ——— 2.45 007 31%
SuperK+T2K —— 2.48470 050 2.4%
IceCube —— 2.41 +007  2.9%
SuperK —_— 2.40 50 3.8%
Daya Bay nGd —— 2.571+0.060 2.3%
RENO nGd ° 2.79 +012  4.3%
RENO nH ° 2.58 1028 11.6%
92 23 24 25 26 27 28 29
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Global Comparisons - 0.5

* The 6. measurements are
consistent across all
experiments and their

combinations.

* The uncertainty on 6. remains

large.

IMPERIAL

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

NOvA — *—  0.890%350
NOvA+T2K @ e _0-87OJ—F81§?8
T2K — —0.63070:510
SuperK ® —0.557" 0308
SuperK+T2K T s ! 1 { I | | —0.5961)-%2
—1.00 —-0.75 —-0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
dcp, T
.............. Inverted Ordering
NOvA o —0.56010 340
NOvA+T2K ———— _0-47OJ—F8&§8
T2K ° —0.45010 140
SuperK ® —0-5571L8:§§§
SwperK+T2K T 1 [ | | —0.47070129
—1.00 —0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 1.00
60 5013777



Global Comparisons — 0,5

* Daya Bay leads the precisiononthe === ——————

T2K . 10.037733 12.3%

NOvA+T2K . 8.92t}§§ 15.9%

measurement of 0,53 with 2.8% NOvA . 54710 s0an
Daya Bay  nGd —e— 8.51+0.24 2.8%

unce rtainty_ RENO nGd ——— 8.92+0.63 7.1%
Daya Bay nH g 7.1 11 155%

RENO nH ® 86 +1.2 14.0%

¢ Overa”, the |Ong-baSE|Ine Double CHOOZ ° 10.2 +1.2 11.8%

6 7 8 9 10 11

measurements are consistent with

reactor experiments, with larger s —— 1109107 g5
NOvA+T2K - . 10.08152 14.2%

consistency in the normal ordering NOvA ’ 92 1 w1%
Daya Bay  nGd —e— 8.51+024 2.8%

. . RENO nGd —— 8.92+063 7.1%

than the inverted ordering. Desa By u . U e
RENO nH ® 86 +12 14.0%

Double CHOOZ ® 10.2 +12 11.8%
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Summary & Outlook
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* The joint analysis of NOvA and T2K demonstrates simultaneous

Summary

compatibility with both datasets.

* The joint analysis shows:

Very strong constraint on |Ams3, |.

Mass Ordering preference remains inconclusive.

* Small, not significant, preference for Inverted Ordering in the joint fit
whereas individual experiments prefer Normal Ordering.

dcp = +7n/2 lies outside 3-sigma credible interval for both mass

orderings.

Normal ordering permits a wide range of permissible 8 while CP
conserving values for the Inverted Ordering fall outside the 3-sigma

range.

e Similar conclusions for Jarlskog.

IMPERIAL

63

Normal mass ordering

NOvA+T2K —e—

2.429700%0  1.5% I
TZR —— a8 000 20%
NOvA —— 2.39 005 21%
MINOS+ ——— 2.40 008 35%
SuperK+T2K —— 2.51170:9%9 2.4%
IceCube —— 241 <007 2.9%
SuperK —_— 2.40 fggg 3.3%
Daya Bay nGd —— 2.466+0.060 2.4%
RENO nGd —_— 2.69 012 4.5%
RENO nH * 2.48 1028 121%

22 23 24 25 26 27 28
|AmZ,|, 1073 eV?

2.9

0.04F Bayesian Cred. Int. =~ '~
With reactor constraint = Both MO

Inverted MO
== Normal MO

Posterior density
@)
S

—lo

20

30

—t— —t— I — I
Both MO [F==== PSR S e e R M A

Inverted | t- - F-—-F===—===- - - I
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Outlook

e Both experiments continue to collect high quality data and improve their analyses -

* Datais expected to double, plus updated systematic models, detector response, and new data samples

* Collaboration and information exchange has resulted in a deeper understanding of the analyses

* We are actively exploring the scope and timeline for the next round of this work
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Backup
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NOVA+T2K+Daya Bay o i O
Uo[~ ——— Dayabay ~
> N ]
‘D 0.04 — NOVA-T2K w/o reac. ]
Z - ]

0 g . () B N
e Enhanced precision in Am%, presents a “new” lever on Q o3k E
ke - ]
measuring neutrino mass-ordering*. 2 0.02f- =
g f :
. ) 0.01 -
* In the true mass ordering, reactor and long-baseline - ]
> : . 82 24 26 28
measurements of Am35, would be consistent but in Am2, | x10° V2
the incorrect mass ordering would be wrong by different . ————
- 10 Conditional
0.05F —— DayaBay 2023 -
amounts. > - .
= - = NOvVA-T2K w/ . .
2 004—_ V. W/0 reac -
) B ]
2 oo3f -
Also see: Stephen Parke W&C. 2023 *Phys. Rev. D 72: 013009, 2005 S - ]
(0] - E
Another possible way to determine g 002 ]
o B N
. . 0.01 ]
the Neutrino Mass Hierarchy . i
93 Y T Y R
] 3 1 % 2 T . 3% . . . .
Hiroshi Nunokawa',* Stephen Parke®,” and Renata Zukanovich Funchal | Am§2| <107 eV/2
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https://indico.fnal.gov/event/59268/contributions/264029/attachments/166919/222551/parke_fermi_MO.pdf
https://doi.org/10.1103/PhysRevD.72.013009

Inverted MO Normal MO

NOVA+T2K+DayaBay

* Including the Am3, constraint from 10— - [ NOA TR wioresc.

| ——— NOVA-T2K-1D DayaBay _|

>\' —_— VA- - ayaba
the Daya Bay”, reverse the = : 1 NOovAIRREDb Dayabay
- ; 4 i
mass ordering preference 'S i 1 .
—
: S = —+ —
back to the Normal Ordering. = ! | ]
%’ i 1 ]
* Overall, this analysis does not show a a¥ . : + | i
significant preference for either mass oL— AN 4 .
26 -25 -24 23 23 24 25 26
ordering. Am3, [107eV?]
*Phys. Rev. Lett. 130, 161802, 2023
1.44
Bayes factor Normal/Inverted

~59% : ~419%, posterior
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161802

NOVA+T2K Disappearance Data samples:

With reactor constraint With reactor constraint

T T T T T T T T T T T T T [ T v v J | T ! ! L 30 N T T T T T T T T T T T T T T T T T T T T T T T T
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ppearanc

With reactor constraint T apj

With reactor constraint 2K vV, appeara

With reactor constraint

LI Sy I N L ML T | LN b1 T
Far Detector data: 4 ] F : Far Detector data: 4-
15 | Posteriorrange:ll 1c 26 3¢ | 5 _
w | 4t
10 1 2 |
o c
> | <1>) 3
Wt T
5 . 2r
ollld ot T
0 0. 2 0 4 0.6 0.8 1.2 -
Reconstructed neutrino energy (GeV) 0 0.2 0.4
earanc 2 With reactor constraint
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I I III
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From: https://arxiv.org/pdf/2303.03222.pdf

Eo5F — — — 100 o 5 — 400
| Mean prediction . II\)/[:;H prediction w0 @45 — Mean prediction 250
32 3 0 2 4 ~+- Data
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: 30 15 ’
51 20 1
C 10 0.5 ‘
0’ o AN (LA A Y I PR RSP P N o A . L2 s -
0 0.2 04 06 08 1 12 14 16 18 2 GO 02 04 06 038 1 1.2 00 0.2 0.4 0.6 . 1 1.2
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
(a) v-mode 1Ru (b) v-mode 1Re (c) v-mode 1Relde
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Post-fit
Correlation Matrix
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Priors

Parameter ARIA sampling prior MaCh3 sampling Prior Priors used for the analysis
0, Uniform in 6, Uniform in sin°@,_, Uniform in sin°0,
0, Uniform in 6, Uniform in sin“26, | Uniform in sin®26, , & Gaussian
reactor constraint
lAm232I Uniform in IAm232| Uniform in |Am232I Uniform in IAm232|
MO Uniform in MO with a 507% switch | Uniform in MO with a 50% Uniform in MO with a 50% switch
probability switch probability probability
SCP Uniform in SCP Uniform in BCP Uniform in BCP &
Uniform in sin &, (for J)
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Without reactor constraint
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No reactor constraint

Am3, and sin? 0,3
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No reactor:

CP Phase

Posterior density
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No reactor constraint

Fitter: ARIA
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20 Posterior
SHLY%5 probability
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With reactor constraint
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* For both m ass ord erlng;gcp = 1/2 lies outside 3-sigma credible interval.
* Normal Ordering allows for a broad range of permissible 6cp

* Forthe Inverted Ordering, CP conserving values of 0, (0, 1) lie outside the 3-sigma credible interval.
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Jarlskog
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Comparisons
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Fitter comparisons

e All 3 sets of data-fits are consistent with

each other.
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Comparison with

NOVA-only & T2K-only fits
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Comparison with
NOVA-only & T2K-only fits
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Fitter: ARIA
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IMPERIAL

\Noc __ ﬂ
_ Normal mass ordering

l 0.51 +0.05

IceCube ° 9.8%
MINOS+ 0.43 1081 27.9%
NOvA 0.465 0031 —0 - 0.559709%  6.1%
NOvA+T2K 04707058 —0—il o 0.56170020 5.3%
SuperK ° 0.45 Tgos 10.0%
SuperK+T2K 048502 ° 0.5491000%  4.3%
T2K | | | . o | 055570 7.0%
0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin? B3
. . Lnverted mass ordering 1 -
IceCube o 0.51 +0.05 9.8%
MINOS+ 0.42 1007 11.9%
NOvVA 04650027 o - 0.557 003 6.6%
NOvA+T2K . 0.56370928  5.3%
Superk C 045 g0 1227
SuperK+T2K . 0.558 0028 6.5%
T2K . 0.557100% 6.1%
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Comparisons with global fitters

NOvA — —  0.89010:280 60.7%
NOvA+T2K —e — —0.870+0:3%0 3299,
NuFIT 5.2 e @ e —0.711102% 24.2%
SuperK ® —0.55710-232 57.5%
SuperK+T2K e —0.59610212 33 6%
T2K * —0.63010270 38.1%
~1.00 —075 —050 —0.25 0.00 025 050 0.75 1.00
Ocp, T

Inverted Ordering

NOvA ° —0.5607 0350 44.6%

NOvA+T2K ——— —0.47010120 34.0%

NuFIT 5.2 —— —0.46710132 30.3%

SuperK ® —0.55770:28% 60.2%

SuperK+T2K —— —0.47010-129 34.8%

T2K bt —0.450101%0 40.0%
~1.00 —0.75 —0.50 —0.25 0.00 025 050 0.75 1.00

Ocp, T
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Normal mass ordering

Daya Bay nGd ——
IceCube —_—
MINOS+ ®
NOvA ——
NOvA+T2K ——
NuFIT 5.2 ——
RENO nH .
RENO nGd .
SuperK —_——
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T2K —
22 23 24 25 26 27 28

|Am2,|, 1073 eV?

IMPERIAL

2.466+0.060
2.41 +o.07
2.40 1005
2.39 +0.05
2.429+0:039
2.43210-0%
2.48 028
2.69 +0.12
2.40 007
25117005

2.48 +0.05

2.4%
2.9%
3.5%
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12.1%
4.5%
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al fitters

Inverted mass ordering
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Impact of correlations &
alternate models
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Asimav Ocrillatinn naint< 11ced far tecting
dop Am%Q leV?] sin? O3
Asimov0 (NOvVA best-fit like) | 2.576 | 2.41 x 1073 0.57
Asimovl (T2K best-fit like) | -1.60 | 2.51 x 1073 0.53
Asimov4 (NuFit like) -1.60 | —2.45 x 1072 | 0.55

e Other parameters were kept constant at:
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Am3, = (7.53 £0.18) x 10™°eV?

sin? 015 = 0.307 + 0.013

sin® 015 = (2.18 £0.07) x 10~
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lmnAarcrt AF ~ArrAlA+ i AN

Oscillation Largest NOvA Largest T2K
Parameter Systematic Systematic
dcp second class currents ov./ oy, cross section
and radiative corrections | and antineutrino equivalents
sin? 65 neutron visible energy 2p2h C-O scaling
Am2, calibration 7% SK energy-scale*

* Correlating largest systematics on
Am3, across both experiments.
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lmnAarcrt AF ~ArrAlA+ i AN
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sin® 0,5 across both experiments.
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 Varld R PRGEOT ARG ER AT HIMAEEI Soact on T2K's 2020-era fit and

the two cross-experiment model checks were done for the joint analysis:

* Non-QE: ND280 CCO1r data are under-predicted by the T2K pre-fit prediction. This
difference can be taken accounted for by the large freedom in the CCQE model.
To check this large freedom does not cause bias, an alternate model where this
under-prediction is attribution to only non-QE processes is produced.

« Minerva1Pi: suppression of CC and NC resonant pion production at low-Q?
to describe for GENIE v2 implementation of Rein-Seghal model to describe the
data.

* Pion Sl: replaced GEANT4 model* was replaced with NEUT’s Salcedo—Oset
model**

* S. Agostinelli et al., (The GEANT4 collaboration), Nucl. Instrum. Meth. A 506 (2003) 250-303 SLAC-PUB-9350
** L. L. Salcedo, E. Oset, M. J. Vicente-Vacas, and C. Garcia-Recio, Nucl. Phys. A 484 (1988) 557-592 Print-87-1084 (Valencia)
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RS AlterRRte mQgdsls.

* Change in the width of the 1D intervals <10%
e Change in central value < 50% of systematic uncertainty

Alternate Model Am?, Am3, sin? 0,3 sin? 0,3
Change in 1D contour <10%  Bias in central value <50%  Change in 1D contour <10%  Bias in central value <50%
Non-QE v v v v
Minervalp v v v v
Pion-SI v v v v
NOVA-like v v v v
T2K-like v v v v
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- Didergia otootldyertietsmodels

» Fractional change in Bayes factor for mass ordering and octant
should not change any conclusions.

» Additional test on whether alternate models change our
conclusion on the significance of CP violation.

Alternate Model Conclusion on d¢p Conclusions on J Mass Ordering Octant
Fractional change in BF Fractional change in BF
Non-QE v v 1.02 0.88
Minervalp v v 1.03 0.92
Pion-SI v v 0.94 1.11
NOVA-like v v 1.10 1.00
T2K-like v v 1.08 1.16
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Impact of alternate
models: Minervalp

* v, samples
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act of altern:

. Mlner al1Pi:
suppression of CC
and NC resonant pion
production at low-Q?2
to describe for GENIE
v2 implementation of
Rein-Seghal model to
describe the data.
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T2K pre-fit prediction. This difference can be taken
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model. To check this large freedom does not cause

the large freedom in the CCQE

bias, an alternate model where this under-predictior
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* S. Agostinelli et al., (The GEANT4 collaboration), Nucl. 2 ) 2 ' . 26 '

Instrum. Meth. A 506 (2003) 250-303 SLAC-PUB-9350 CP SIN"Uy3
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’ Numu FHC Quantile 1

[ 1 I I [ I I | I I I I | ol I I I | I I

- nareldai@et @fralternate models | " rocammcnsas

Approximation (CRPA)* : —— FDMC NOVA

¢ FDMC CRPA-like

* Applies modifications to the nuclear models
(Spectral Function for T2K, Local Fermi Gas for NOvVA)

Events

* Recent T2K analyses have included an additional = ]

smearing on Am32, based on variations seen when i -
considering the HF-CRPA nuclear model. e S, W

* Both NOvVA and T2K independently studied the impact k Reco1nstructec2:1 Neutrir?o Energ;‘/ (GeV) >
of this alternate nuclear model on their 2020-era FHC 1Rt

analyses_ ............................................

—— CRPA FDS
post-BANFF
[[7]] Fit to FDS

* When taken together in the context of the joint fit,
the bias is no larger than the thresholds set for any of
the fake data metrics. 10

]H]TH]TTIfIHIIH]IH]HTIHIITTIIT”I

L

1 1 " l 1 ]
0.5 1 3
* Phys. Rev. D 106, 073001 (2022) Reconstructed Neutrlno Energy (GeV)
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https://doi.org/10.1103/PhysRevD.106.073001

Impact of cross-experiment model: T2K-like

Normal ordering Normal ordering
0.65 —————————————— ————] 0.0027 ]
* The purpose of the cross-experiment : ] f— TeKdke Se. ]
. . . . 0.6~ ] ) . —— FDS w/ corr. ]
test is to verify each analysis is not g 1 e ]
broken by pseudo-data made using a _O%E E 00025 | ]
representative allowed point from £ osf L [ | ]
the other experiment’s model. S R :
* Unlike the FDS, which test a single WE @wc 7 vRE _ewcr
c . c = T2K-like Sc. ——- 90% CL ] C - 90%CL ]
variation, these tests also include N e 00 s
modification of multiple processes. ’ T s ? S"02s
. . . . Inverted orderin | ted orderi
* Extrapolating the individual Y b R bk L
processes consistently to the to " E [~ TeKelike Sc. ]
other experiment’s energy at the : ] ooop T RS wem .
: ; ; 0.551— = - N
same time consistently is not O 1 oo E
- 1 <poo2st- _
0.45— -] B ]
0 45_ — 68% C.L _E -0.0026— — 68% C.1. .
. [ T2K-like Sc. ---90% C.l. 7 B -- 90% Cl. i
—FDSw/corr ] B ]
0-35%—— O T - — B Ty e T R

Scpl T sm2
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Impact of cross-experiment model: NOvA-like

Normal ordering Normal ordering
- s — 0.0027 [~ ]
- ; - —— NOvA-like Sc.

* NOVA near-to-far extrapolation 08 3 oooesf — FDSWeom =
method does not produce a ossf- 1 ook E
‘post-fit” cross section model; we ¢ ost W | <iiiii:) :

. » u <D.0024 | \ —
choose the NOVA prefit tune as  .f : :
the test model, but this is an E —sswc El s _ amer
arbitrary choice from a large E— Fosweon. Towen ST seroil

y 8 05—l 000855~ 04 045 e Om 06— bk
space of valid choices. dcp/ M
Inverted ordering Inverted ordering
0,65 [t ~0.0022 [~
i . ~  —— NOvA-like Sc.
0.6 ;_ ) = _; ~0.0023 :_ —— FDS w/ corr. _:
0.553— =4 C ]
© - . %0.0024_— -
» 5 g <D.0025— ]
045 ] B ]
0_45_ — 68%CL. 1 -ooo26f 68% C.1. .
Lt - 90%Cl. : : == 90%CL.
T B

dcpl/m
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D. Ruterbories et al. Phys.Rev.Lett. 129 (2022) 2, 021803

CCOm E -E
v,reconstructed “lepton 15 V<, (GeV) <700
. 0.00<q0 (GeV)<0.04{ 0.O4<q0 (GeV) <0.08
in T2K vs NOVA o
= ) x 1.3
c o IS \- m . ;
* InT2K the pr of the lepton is used to measure the recoiling energy E 15I} 005 <o faow) <02 12 <o oow) <015
by two body quasielastic kinematics. T 10 f it
- . — x 0.4
: he visible recoil i d G o
In NOVA, the visible recoil is measured. T e | #l\g%.
) . . ) (&) } 0.16 < qg’E (GeV) <0.24 }0.24 < qoQE (GeV) <0.32
* |In this T2K-NOVA analysis, we are not relying on a single model to 830 1ol -t t
simultaneously describe these variables, but we may in the future % 5/\ W/
- |
 MINERVA compares the two types of energy measures: recoil in bins SRR 0.32 < o (GeV) <0.40 0.40 < % (GeV) < 0.60
of g,% (the energy T2K adds to the muon energy) ur 10 !y s t : -
w (i X 1. e X £.
* Agreement with this model is poor 0_8-0 5.& "
e Events where the QE hypothesis says there should be lots of proton energy (,}\3 1517 o.eo;qgé (éeV)<;.86 | 0_2“ a' | 0.6 |
added, but MINERVA does not see that energy! © 10
5 } i x 6.4 —¢— MINERVA data
c c . g 0 Z —— Minerva Tune v4.4.1
e T2K and NOVA naturally continue to investigate improvements in 338 t | — aelieae
x s e mr— R IKe-Fions
their cross section models. We appreciate the continued theoretical 00 02 04 06 S
. ) N P TR P QELike QE proton
and experimental effort in the community — — QELike QE neutron
=T, (GeV)
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Category NOvA Parameters T2K Parameters ) m at | C S CO m p a r I S O n
.\I E ° .
QQ_go?m_O *Models and systematics used for 2020 analysis [NOvA: PhysRevD.106.032004,
83232; T2K:arXiv:2303.03222v1] Will be used in the joint fit.
ZNemecar Q2 morm3 The base-models are tuned to internal (NOvA-ND data by NOvA) and
ZExpAxialFFSyst2020_EV1 Q2_norm 4
CCQE égxpﬁmgggystzom_gy 82_norm_5 external datasets.
xpAxia yst2020_EV3 2_norm_6 0 ops . . )
ZExpAxialFFSyst2020 EV4 Q2_norm 7 *The tuning modifies the underlying models drastically (eg: NOvA’s
RPAShapeenh2020 EB Dial C nu
RPAShapesupp2020 EB Dial C nubar 2 p2 h tu ne')
EB Dial O nu
EB Dial O nubar
2p2h Norm nu
2p2h Norm nubar
MECEnuShape2020Nu 2p2h C to O
MECEnuShape2020AntiNu 2p2h Shape C
MEC MECShape2020Nu 2p2h Shape O
MECShape2020AntiNu 2p2h Edep low Enu Experiment Generator QE MEC/2p2h RES DIS FSI
MECInitStateNPFrac2020Nu 2p2h Edep high Enu
MECInitStateNPFrac2020AntiNu | 2p2h Edep low Enubar . . .
2p2h Edep high Enubar NOVA GENIE v3.0.6 | Local Fermi Gas | Valencia* | Berger- | Bodek-Yang hN Semi
MaCCRES Z-expansion Sehgal Classical
My Hi S axial foprm factor | (with NovA 2020 ° Cascade
RES I\Ia’NCRES I\IA RES tune) (*fit to pion scattering data)
MvNCRES ISO Bkg Low PPi
LowQ2RESSupp2020 ISO Bkg _ _ _
FEFQE T2K NEUT 5.4 Spectral Valencia Rein- | Bodek-Yang Semi-
) FEFQEH Function Sehgal Classical
FSI hNFSI_.MFP_2020 FEFINEL QE
hNFSI_FateFracEV1.2020 FEFABS MA™" form factor Cascade
FEFCX
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.032004
https://arxiv.org/pdf/2303.03222.pdf

2D constraints from Daya Bay
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NOVA+T2K+Daya Bay
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. (@ o N
measurements of AmZ25, would be consistent but 5 "% e
2 0.02f —
. . . (7] B 1 =
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0.01 -
amounts - 1 ol ) ]
83 2.4 2.6 2.8
: AmZ, | x10° eV?
ee : reactor disappearance channel - Daya Bay* e ARIA A, |
up : long-baseline disappearance channel > NOvA+T2K T T T IO Conditional ]
) ) 0.05F DayaBay 2023 =
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https://indico.fnal.gov/event/59268/contributions/264029/attachments/166919/222551/parke_fermi_MO.pdf

Baselines _ T2KiL=295%km  NOwA

L= 810 km

=
|
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= More sensitivity to mass :
IAm2,|1=2.44x107eV?

)
T 17
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matter effect and 6.p for o ] i U
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Long-baseline landscape in 2020
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= T2K saw an asymmetry in their v, and v, appearance while NOvA did not.

= T2K’s data favored large CP violation and normal mass ordering while NOvVA data lies close to the
degenerate 0.-MO phase space.
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. Ogﬁiée'érﬁaﬁtggmatter effect and O¢p for v, vs V, appearance probability.

» Larger matter effect for higher neutrino energy = higher sensitivity to mass ordering.

e Therefore, associated asymmetry is higher for the longer baseline.
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Normal Ordering

Long-baseline landscape in 2020 *
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