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Was encouraged by Mathieu, Claudio, and Boris to start thinking 
about physics analysis with HyperK over the summer 
I did some thinking, and while doing that I found (and was pointed to) 
a couple of interesting papers which I wanted to discuss 
These papers are mainly about combining information from various 
collaborations, my question here is whether there is a useful exercise 
we can carry out with HyperK expected sensitivities in the period 
before HyperK sees data
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S. Ali,35 N. M. Amin,44 K. Andeen,42 C. Argüelles,13 Y. Ashida,53 S. Athanasiadou,64 S. N. Axani,44 R. Babu,23 X.
Bai,50 J. Baines-Holmes,40 A. Balagopal V.,40, 44 S. W. Barwick,29 S. Bash,26 V. Basu,53 R. Bay,6 J. J. Beatty,19, 20

J. Becker Tjus,9, † P. Behrens,1 J. Beise,62 C. Bellenghi,26 B. Benkel,64 S. BenZvi,52 D. Berley,18 E. Bernardini,48, ‡

D. Z. Besson,35 E. Blaufuss,18 L. Bloom,59 S. Blot,64 I. Bodo,40 F. Bontempo,30 J. Y. Book Motzkin,13 C. Boscolo
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FIG. 12. Expected sensitivity for constraining the ⌫⌧ normalization scaling factor. The left plot shows a profile scan 3 years
after the planned deployment of the additional strings, while the right plot shows the 1� width of such a scan over detector
livetime. In both plots a scenario w/ (solid) and w/o (dotted) the additional strings is compared.

FIG. 13. Livetime evolution of the median NMO sensitivity for di↵erent true values of ✓23. The shaded region marks the
possible range of sensitivities for the NuFit 5.2 3� range of ✓23. The left plot is for a true normal ordering, and the right plot
for a true inverted ordering.

ter searches, beyond the standard model searches, and
GeV neutrino astronomy. Finally, the extensive suite of
calibration devices that will be deployed in the Upgrade
will lead to better knowledge of the ice properties and re-
duce the impact of detector systematic uncertainty across
all IceCube analyses. The IceCube Upgrade is expected
to bring unprecedented precision to the atmospheric neu-
trino sector.
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Figure 4: ��2 profile for only JUNO (red), only ORCA (blue), and the combination of JUNO
and ORCA (green) as a function of test values of �m2

31 for 6 years of data taking assuming
baseline (solid) or optimistic (dashed) systematics.

Fig. 4 also shows how the combination of JUNO and ORCA would exceed the NMO sensi-
tivity of each experiment alone. The key advantage of the combination comes from the tension
in �m2

31 best fits of the two experiments when assuming the wrong ordering. This tension
arises from the fact that each experiment observes neutrino oscillations starting from a different
neutrino flavor (⌫̄e for JUNO, ⌫µ + ⌫̄µ for ORCA). Due to this difference the effective oscilla-
tion frequency will be a different combination of the various �m2

ij
for each experiment [29, 30].

Since the combination requires a single resulting �m2
31 best fit, this tension together with strong

constraints in �m2
31 from both experiments, and particularly from JUNO, provides the synergy

effect in which the combined ��2 minimum is enhanced to a higher value than simply adding
the ��2 minima from each experiment. This latter scenario, in which the median sensitivity can
be obtained as the square root of the sum, will be referred to as “simple sum” in the following
discussion. It is shown only to highlight the benefit from doing the combination between JUNO
and ORCA properly.

In Tab. 3, the NMO sensitivities after 6 years of collected data are presented for the combina-
tion, each experiment standalone, and the “simple sum” of their sensitivities. The combination
reaches 8� for true NO and 5� for true IO. This combined sensitivity exceeds the “simple sum”
case, which only obtains 7� for true NO and 4� for true IO. More importantly, a 5� significance
is achieved for both NMO scenarios within 6 years of combined analysis while each experiment

16

Note that here 𝜃23 was taken at the 2021 
value including atmospheric data which 
matches the current "no atmospheric data" 
results in the IceCube paper
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Figure 4: ��2 profile for only JUNO (red), only ORCA (blue), and the combination of JUNO
and ORCA (green) as a function of test values of �m2

31 for 6 years of data taking assuming
baseline (solid) or optimistic (dashed) systematics.

Fig. 4 also shows how the combination of JUNO and ORCA would exceed the NMO sensi-
tivity of each experiment alone. The key advantage of the combination comes from the tension
in �m2

31 best fits of the two experiments when assuming the wrong ordering. This tension
arises from the fact that each experiment observes neutrino oscillations starting from a different
neutrino flavor (⌫̄e for JUNO, ⌫µ + ⌫̄µ for ORCA). Due to this difference the effective oscilla-
tion frequency will be a different combination of the various �m2

ij
for each experiment [29, 30].

Since the combination requires a single resulting �m2
31 best fit, this tension together with strong

constraints in �m2
31 from both experiments, and particularly from JUNO, provides the synergy

effect in which the combined ��2 minimum is enhanced to a higher value than simply adding
the ��2 minima from each experiment. This latter scenario, in which the median sensitivity can
be obtained as the square root of the sum, will be referred to as “simple sum” in the following
discussion. It is shown only to highlight the benefit from doing the combination between JUNO
and ORCA properly.

In Tab. 3, the NMO sensitivities after 6 years of collected data are presented for the combina-
tion, each experiment standalone, and the “simple sum” of their sensitivities. The combination
reaches 8� for true NO and 5� for true IO. This combined sensitivity exceeds the “simple sum”
case, which only obtains 7� for true NO and 4� for true IO. More importantly, a 5� significance
is achieved for both NMO scenarios within 6 years of combined analysis while each experiment

16

2.32.42.52.62.7
3− 10 ×

32
2  m∆

posterior probability

 credible interval σ1
 credible interval σ2
 credible interval σ3

2.7 −2.6 −2.5 −2.4 −2.3 −

3− 10 ×

32
2  m∆

posterior probability



Mass ordering sensitivity

6

Table 3: Asimov median sensitivity to NMO after 6 years of data taking for each experiment
alone, the “simple sum”, and the combination of the two experiments, assuming the baseline
scenario for systematics.

True NMO JUNO, 8 cores ORCA Simple Sum Combination
NO 2.3� 6.5� 6.9� 7.8�
IO 2.4� 3.6� 4.3� 5.1�
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Figure 5: NMO sensitivity as a function of time for only JUNO (red), only ORCA (blue), and
the combination of JUNO and ORCA (green), assuming baseline (solid) or optimistic (dashed)
systematics.

alone, or the “simple sum” of sensitivities, cannot achieve the same performance, sometimes even
at significantly longer timescales.

The time evolution of the NMO sensitivity for JUNO, ORCA, and their corresponding com-
bination is presented in Fig. 5 assuming that the two experiments start at the same time. JUNO
alone would need 6–10 years of operation to reach 3� of NMO sensitivity. ORCA has the ca-
pability to reach a 5� significance after 3 years in the case of true NO. However, it would take
more than 10 years of exposure to reach 5� sensitivity in the case of IO. Due to the synergy
effect discussed above, the combination would help significantly to reduce the time needed to
reach a 5� NMO sensitivity when compared to ORCA, especially if the neutrino mass ordering
is inverted. With the combined analysis, a 5� significance can be obtained within 2 (6) years in
the case of true NO (IO) respectively.

As discussed in Sec. 3.2, the ORCA analysis is also performed using a set of systematics
similar to those of Ref. [33], as a cross-check for an optimistic approach. Fig. 4 and Fig. 5 show
that both the optimistic and the baseline systematics give a very similar ��2 minimum value
and thus yield the same NMO sensitivity for the ORCA-only analysis. However, the optimistic
approach provides a much tighter constraint on �m2

31, as shown in Fig. 4, which causes the
combination to reach sensitivities that are 1–2� higher than in the case of the baseline scenario.
This comes from the difference in the implementation of the energy scale systematics. The
energy scale applied at the detector response (baseline) is more strongly correlated with �m2

31

compared to the energy scale at the unoscillated flux (optimistic).

17



Question on mass ordering

7

Assuming normal ordering, it doesn't seem impossible that 
ORCA+JUNO+IceCube can make a more relevant contribution to our 
overall understanding of mass ordering before DUNE does 
Could it be relevant to repeat this study with SK/HyperK inputs as 
well? Perhaps even SK/HK + JUNO only
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In the following sections, and in figs. 8 to 11, we study DUNE’s expected sensitivity to dim-6
WEFT operators in more detail.

1 10 102

� ⌘ v/
p

� [TeV]

1 10�1 10�2 10�3 10�4 10�5 10�6

�

[�ud
P ]µ�

[�ud
P ]µe

[�ud
P ]�µ

[�us
P ]µe

[�ud
R ]eµ

[�ud
R ]µe

[�ud
R ]µ�

[�us
R ]ee

[�us
R ]µe

[�us
R ]µ�

[�ud
T ]eµ

[�ud
T ]�µ

[�ud
T ]�e

[�ud
T ]µµ

[�ud
S ]eµ

[�ud
S ]µµ

Kopp, Tabrizi, Urrea 2025
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�! better

Figure 7. Expected DUNE sensitivity to new charged-current interactions within the Weak Effective
Field Theory (WEFT) framework, assuming only one operator is relevant at a time. The plot focuses
on those operators for which DUNE is most competitive with other probes. Our full set of projections
is shown in figs. 8 to 11 below. For each operator, we show in dark the expected sensitivity under
conservative assumptions on systematic errors (25%) and backgrounds. The lighter bars have been
computed under the assumption of no systematic uncertainties, and the transparent bars show how
results would improve under the highly optimistic assumption of background-free ⌫⌧ identification
(while systematic uncertainties are kept at the conservative 25% level). Vertical lines show current
constraints, which are mostly taken from ref. [41]. The LHC constraints shown here and in the following
plots have been obtained in the same way as those presented in ref. [41], but are based on a more
recent ⌧+MET search by the ATLAS collaboration [70].

– 27 –

Basic idea is to be able to fit not only 
oscillation data but also cross-sections/ND 
data in a global analysis of charged-current 
Wilson coefficients
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1 Introduction

Upcoming long-baseline neutrino oscillation experiments like DUNE [1–3], HyperKamiokande
[4, 5], and JUNO [6] are poised to play a transformative role in neutrino physics. They
will measure the remaining unknowns of neutrino oscillations, in particular the leptonic CP-
violating phase �CP, which is one of the two parameters of the Standard Model that have
never been measured.1 (The other one is the mass of the lightest neutrino mass eigenstate,
which will likely be determined from cosmology in the coming years.) Long-baseline neutrino
experiments, together with cosmological probes, will thereby complete the Standard Model
– and probe possible deviations from it. These deviations could come either in the form
of new, very weakly coupled, particles that can be directly produced in neutrino oscillation
experiments (sterile neutrinos with masses up to O(GeV) [7–13], light dark matter [14], axion-
like particles [15–18], . . . ), or they can originate from heavy new physics which subtly modifies
neutrino interactions and oscillations.

Here, we focus on this second class of physics beyond the Standard Model. A robust frame-
work to describe the manifestations of heavy new physics at low-energy scales is provided by
Effective Field Theory (EFT), which extends the SM Lagrangian with non-renormalisable
higher-dimensional operators that are suppressed by the scale of new physics, ⇤. For experi-
ments operating at energies below the QCD scale, the appropriate EFT is one that includes
leptons, nucleons, and photons as degrees of freedom. Above the QCD scale, the model of
choice is Weak Effective Field Theory (WEFT), which includes dynamical quarks (except for
the top quark), but no electroweak bosons. Finally, above the electroweak scale, WEFT is
embedded into the Standard Model Effective Field Theory (SMEFT), the most general ex-
tension of the SM Lagrangian with higher-dimensional operators. (Of course, if new particles,
such as sterile neutrinos or light bosons, should exist at intermediate energy scales, they will
need to be included as well.) In the context of neutrino physics, EFT operators of dimension
six and higher can affect neutrino production, propagation, and detection processes, leading
to measurable deviations in experimental observables. Such deviations, if observed, can offer
indirect insights into the nature and scale of BSM physics.

To exemplify this, we will study specifically the constraints that DUNE can impose on
EFT operators relevant to neutrino production, detection, and oscillations, using both the
near and far detectors.2 We use comprehensive phenomenological simulations of the DUNE

1Here, we take the point of view that massive neutrinos are part of the Standard Model. This is motivated
by the fact that the Glashow–Salam–Weinberg model with massless neutrinos could be considered “standard”
for 15 years between 1983 (discovery of the W and Z bosons) and 1998 (discovery of neutrino oscillations),
while the model with massive neutrinos has been the state of the art for 27 years already, thereby making it
more standard than its predecessor without neutrino masses.

2The DUNE experiment is particularly well suited for new physics searches thanks to the large energy range
covered by its wide-band beam, its long baseline, and the superb event reconstruction capabilities offered by its
liquid argon detectors. Moreover, beam fluxes and detector response functions for DUNE are public, allowing
us to model the experiment reliably. On the downside, DUNE is smaller than HyperKamiokande, limiting its
reach in searches that are purely statistics dominated.

– 2 –
DUNE covers a richer set of WCs because it has both kaon and pion 
neutrino production (plus some tau neutrinos from charm), but at least 
the point about the simulation of the detector response should be 
resolvable (even only internally in ND280/HK). 
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