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THE NEUTRINO IN THE STANDARD MODEL

According to the Standard Model, neutrinos are:


• Three fundamental spin 1/2 fermions (and their antiparticles)


• Neutral:


• Electric charge (electromagnetism)


• Color (strong interaction)


• Part of a “weak isospin doublet”


• Paired to a charged fermion ( ) through the weak interaction


• Have a tiny mass
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NEUTRINOS IN COSMOLOGY
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The Particle Physics/Cosmology Ouroboros


• Dynamics of the early universe are intimately connected to fundamental 

particles and their interactions


• As a 


• (long-lived) fundamental particle 


• Copiously produced in the early universe and in subsequent processes


It is natural that there is a very strong interplay between studying neutrino 

properties and their impact on cosmology
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NEUTRINO OSCILLATIONS
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νe,μ,τ

e, μ, τ

W
ν1,2,3 m1,2,3

|⌫ei = Ue1|⌫1i+ Ue2|⌫2i+ Ue3|⌫3i
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• Neutrinos are identified via their weak interaction properties


• three weak eigenstates: , , 


• three “antineutrinos”:       , , 


•  Neutrinos can also be identified by their mass 


• three neutrino mass eigenstates , , 


•    Flavor, mass states can “mix” via unitary transformation 


• Allows precession of the flavor content of the neutrino with time

νe → e− νμ → μ− ντ → τ−

ν̄e → e+ ν̄μ → μ+ ν̄τ → τ+

ν1 → m1 ν2 → m2 ν3 → m3

PPC 202  Daejeon, South Korea
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NEUTRINO ASTRONOMY/ASTROPHYSICS

• Detection of solar neutrinos:


• Deficit leads to inquiry into nature of the neutrino, solar model


• Later confirmed as neutrino flavor change , solar model confirmed


• Meanwhile neutrino flavor change also explains deficits in atmospheric 


• Detection of neutrinos from core-collapse supernova (1987a)


• Start of a new field: implications still unfolding . . . . .


• Two-way window between universe and the neutrino


• Story plays out over decades  . . . . . 


νμ

5

1 LECTURE 3: SOLAR NEUTRINOS

The SNO results are summarized in figure 9 where the ES reaction is shown in

green, CC reaction on deuteron in red and the NC dissociation of deuteron in blue. The

figure shows the fluxes of electron neutrinos �e and other flavours �µ⌧ . The intersection

Figure 9. Flux of 8B neutrinos deduced from the three neutrino reactions in SNO.
Figure from Ahmad et al. (SNO collaboration) 2012 [7].

of the three reactions gives the values for each flux:

�e = (1.76± 0.14)⇥ 106 cm�2 s�1 (15)

�µ⌧ = (3.4± 0.9)⇥ 106 cm�2 s�1 (16)

the flux �µ⌧ is calculated here by subtracting the flux of neutral current (all neutrinos)

and the charged current (electron neutrinos).

The SNO results showed that di↵erent neutrino flavours were arriving from the

Sun, where only ⌫e are produced. This, together with the measurement of atmospheric

neutrinos in Superkamiokande, constituted the evidence for neutrino flavour

transformation!. For this discovery, Arthur McDonald and Takaaki Kajita were

awarded the Nobel prize in 2015.

• The neutral current flux measured was in agreement with SSM

�NC(⌫x) = (5.09± 0.44± 0.46)⇥ 106 cm�2 s�1

• KamLAND confirmed later on neutrino oscillations using reactor neutrinos (this

will be discussed later in the lecture)

11

mann et al., 1999) showed that there was a discrepancy between the measured
flux of lower energy neutrinos from the pp reaction and that expected from
the standard solar model. The gallium experiments were off by a factor of two
or so.

The solar neutrino problem appears to have been solved with the first an-
nouncement of results from the Sudbury Neutrino Observatory, SNO. The
MSW effect (Wolfenstein, 1978; Mikheyev and Smirnov, 1985), the possibility
that neutrinos change flavor as they pass through matter, has been an attrac-
tive solution to the solar neutrino problem for several years now. The theory
was given added support in 1998, when the SuperKamiokande team reported
oscillations of high energy atmospheric neutrinos from cosmic showers
(Fukuda et al., 1998). In 2001, the Sudbury Neutrino Observatory team re-
leased data in which they showed that they had detected electron neutrinos
and in combination with data from SuperKamiokande, showed that neutri-
nos oscillate between different flavors (Ahmad et al., 2001). In 2002, addi-
tional SNO data proved beyond doubt that neutrinos oscillate and that the to-
tal neutrino flux agrees with theoretical predictions (Ahmad et al., 2002).

Figure 16 shows a comparison of all solar neutrino experiments with the
standard solar model. Note that only the SNO detection of all neutrinos
matches the model. When we started the Homestake solar neutrino experi-
ment, we thought we understood how the Sun worked and that a measure-
ment of the solar neutrino flux would confirm the theory. This clearly did not
turn out as planned. The collision between solar neutrino experiments and

76

Figure 15. A summary of all of the runs made at Homestake after implementation of rise-time
counting. Background has been subtracted. Over a period of 25 years, 2200 atoms of 37Ar were
detected, corresponding to an average solar neutrino flux of 2.56 SNU. The gap in 1986 
occurred when both perchloroethylene circulation pumps failed. Based on data from Cleveland
et al. (1998).

2200 37Ar atoms 
detected over 25 years

2002 Nobel Prize

2002 Nobel Prize

2015 Nobel Prize

2015 Nobel Prize
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“LONG-BASELINE” NEUTRINO EXPERIMENTS
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Δm2
ij(eV2) = m2

i − m2
j

   = distance between production/interaction  (“baseline”)

 = energy of neutrino

L(km)
E(GeV)

P (⌫↵ ! ⌫�) = �↵�

�4
P

i>j <
h
U⇤
↵iU�iU↵jU⇤

�j

i
sin2

⇥
1.27�m2

ijL/E⌫

⇤

+2
P

i>j =
h
U⇤
↵iU�iU↵jU⇤

�j

i
sin

⇥
2.54�m2

ijL/E⌫

⇤
<latexit sha1_base64="Bv+obcieR2Bk681I578QsoI+YD4="></latexit>

• Neutrinos are produced /interact as flavor eigenstates but propagate as mass (energy) eigenstates


• Flavor precesses sinusoidally as a function of L/E (proper times)


• Amplitudes: set by mixing matrix U


• Frequency:  given by difference in mass-squared eigenvalues 


• “Long baseline”:  observe neutrinos when kinematic phase is ~  for 


•      km for ~1 GeV neutrinos


• Observations at shorter baselines are probing non-standard oscillations (next talks) 

L /E Δm2
ij

π /2 Δm2
atm ∼ 2.5 × 10−3 eV2

L /E ∼ 500 km/GeV → L ∼ 𝒪(102−3)

2.5 × 10−3 eV2

in vacuo

PPC 202  Daejeon, South Korea
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PARAMETERS AND PHENOMENOLOGY

•   


• Amplitude: 


• Frequency measures 


•  vs.   tests CPT symmetry


•  and  


• Equivalently impacted by ,  (note “octant”)


•  “Oppositely” impacted by:


• Mass ordering via matter effects: sign of , 


• Complex phase:    CP violation


• 


• Measures  and  

P(νμ → νμ)

sin2 2θ23

Δm2
atm

P(νμ → νμ) P(ν̄μ → ν̄μ)

P(νμ → νe) P(ν̄μ → ν̄e)

sin2 2θ13 sin2 θ23

x Δm2
32

δ →
P(ν̄e → ν̄e)

sin2 2θ13 Δm2
31

7

P (⌫µ ! ⌫e) ⇠ sin2 2✓13 ⇥ sin2 ✓23 ⇥
sin2[(1�x)�]

(1�x)2

�↵ sin � ⇥ sin 2✓12 sin 2✓13 sin 2✓23 ⇥ sin� sin[x�]
x

sin[(1�x)�]
(1�x)

+↵ cos � ⇥ sin 2✓12 sin 2✓13 sin 2✓23 ⇥ cos� sin[x�]
x

sin[(1�x)�]
(1�x)

+O(↵2)

� ⌘ �m2
31L

4E
↵ =

����
�m2

21

�m2
31

���� ⇠
1

30
x = ±2

p
2GFNeE⌫

�m2
31
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13. Neutrino mixing 13

ν1 ν2 ν3

U =
νe
νµ
ντ




c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13





× diag(eiα1/2, ei α2/2, 1) . (13.31)

Here, ν1 and ν2 are the members of the solar pair, with m2 > m1, and ν3 is the
isolated neutrino, which may be heavier or lighter than the solar pair. Inside the matrix,
cij ≡ cos θij and sij ≡ sin θij , where the three θij ’s are mixing angles. The quantities
δ, α1, and α2 are CP -violating phases. The phases α1 and α2, known as Majorana
phases, have physical consequences only if neutrinos are Majorana particles, identical
to their antiparticles. Then these phases influence neutrinoless double beta decay [see
Sec. IV] and other processes [32]. However, as we see from Eq. (13.8), α1 and α2 do
not affect neutrino oscillation, regardless of whether neutrinos are Majorana particles.
Apart from the phases α1, α2, which have no quark analogues, the parametrization of
the leptonic mixing matrix in Eq. (13.31) is identical to that [33] advocated for the quark
mixing matrix by Gilman, Kleinknecht, and Renk in their article in this Review.

From bounds on the short-distance oscillation of reactor νe [8] and other data, at
2 σ, |Ue3|2 <∼ 0.032 [34]. (Thus, the νe fraction of ν3 would have been too small to see in
Fig. 13.3; this is the reason it was neglected.) From Eq. (13.31), we see that the bound
on |Ue3|2 implies that s2

13
<∼ 0.032. From Eq. (13.31), we also see that the CP-violating

phase δ, which is the sole phase in the U matrix that can produce CP violation in
neutrino oscillation, enters U only in combination with s13. Thus, the size of CP violation
in oscillation will depend on s13.

Given that s13 is small, Eqs. (13.31), (13.14), and (13.16) imply that the atmospheric
mixing angle θatm extracted from νµ disappearance measurements is approximately θ23,
while Eqs. (13.31) and (13.17) (with να = νe and θ = θ") imply that θ" % θ12.

If the LSND oscillation is confirmed, then, as already noted, there must be at least
four mass eigenstates. It is found that if there are exactly four, a statistically satisfactory
fit to all the neutrino data is not possible. However, if there are at least four neutrino
mass eigenstates, there is no strong reason to believe that there are exactly four. The
presence of more states may improve the quality of the fit. For example, it has been
found that a “3+2” spectrum fits all the short-baseline data significantly better than a
3+1 spectrum [35].

IV. The neutrino-anti-neutrino relation: Unlike quarks and charged leptons,
neutrinos may be their own antiparticles. Whether they are depends on the nature of the
physics that gives them mass.

In the Standard Model (SM), neutrinos are assumed to be massless. Now that we
know they do have masses, it is straightforward to extend the SM to accommodate these
masses in the same way that this model accommodates quark and charged lepton masses.
When a neutrino ν is assumed to be massless, the SM does not contain the chirally

July 14, 2006 10:37

• Assuming unitarity,  is parametrized by 


• 3 “mixing angles” (  , , )


• complex phase ( )

U
θ12 θ13 θ23

δ

P(νe → νe) ∼ 1 − sin2 2θ13 sin2(1.27Δm 2
31L /E )

−sin2 2θ12 sin2(1.27Δm 2
21L /E )

P(νμ → νμ) ∼ 1 − (cos4 θ13 sin2 2θ23+sin2 2θ13 sin2 θ23)

× sin2(1.27Δm 2
32L /E )

Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3 doesn’t impact oscillations

sij = sin θij cij = cos θij

PPC 202  Daejeon, South Korea



: DOUBLE-CHOOZ, RENO, DAYA BAYθ13
•  decay from fission products produce O(MeV) antineutrinos


• 


• ~GW reactors produce O(1020) /sec with O(MeV) energy


• Detectors ~1 km from reactor observe oscillations driven by  with L/E ~ 
0.5 km/MeV

β
n → p + e− + ν̄e

ν̄e

Δm2
atm

8

PoS(NOW2022)006

Reactor Neutrino Oscillations in Daya Bay Yee B. Hsiung

Figure 2: (a) Measured prompt-energy spectra of EH3 with the best-fit comparing with no-oscillation
curve superimposed in upper panel. Backgrounds in the spectra are shown in the inset. Lower panel shows
the ratio of the observed spectrum to the predicted no-oscillation distribution. The error bars are statistical.
(b) Measured disappearance probability as a function of the ratio of e�ective baseline Le� to the mean
antineutrino energy hE⌫e i.

The best-fit prompt-energy distributions is in excellent agreement with the observed spectra
in each experimental hall. Figure 2(a) shows the measured EH3 spectra. Figure 2(b) shows
the normalized signal rate of the three halls as a function of Le�/hE⌫e i with the best-fit curve
superimposed, where Le� and hE⌫e i are the e�ective baseline and average ⌫e energy, respectively.
The oscillation pattern related to ✓13 is unambiguous.

4. Conclusion

We report a new determination of ⌫e with a precision of 2.8% and the mass-squared di�erences
reaching a precision of about 2.4%. The reported sin2 2✓13 will most likely remain the most precise
measurement of ✓13 in the foreseeable future and will be crucial to the upcoming investigations of
the mass hierarchy and CP violation in the neutrino oscillation. The agreement in sin2 2✓13 and
�m2

32 between Daya Bay measurements using reactor ⌫e and the measurements of muon neutrino
and antineutrino determined from accelerators and atmosphere experiments provides strong support
of the three-neutrino paradigm.

The author would like to thank the long term supports of National Science and Technology
Council (NSTC/MOST) and Ministry of Education (MOE) in Taiwan to participate the Daya Bay
experiment starting from day one.
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Figure 18. Top: Comparison of the observed (dots) and no-oscillation predicted (blue shaded
histogram) IBD prompt spectra in the far detector. The no-oscillation prediction is obtained from
the measurement in the near detector. The prediction from the best-fit oscillation amplitude is
also shown (yellow shaded histogram). Bottom: Ratio of observed spectrum in the far detector to
the no-oscillation prediction (dots), and the ratio from the MC simulation with the best-fit results
folded in (shaded band). Errors include the statistical and background subtraction uncertainties.

where the world average value of |�m
2
ee| = (2.502⇥10�3 eV2) is used [33]. This value is

consistent with the previous measurement of n-Gd result, sin22✓13=0.0896±0.0068 within
their uncertainties while the systematic uncertainty is about twice larger than that of the
n-Gd result [13]. The error and its fraction of sin22✓13 by each component can be obtained
using the pull terms of the �

2 equation and are summarized in Table 6. The systematic un-
certainties of detection efficiency and backgrounds mostly contribute to the systematic error
of 1.5 times larger than the statistical error. Figure 18 shows the background-subtracted,
observed IBD prompt energy spectrum at the far detector compared to the one expected
with no oscillation and the one with the best-fit oscillation parameters at the far detector.

Uncertainties Error Error Fraction (%)
Reactor 0.003 4.8

Detection Efficiency 0.010 52.6
Backgrounds 0.009 42.6
Combined 0.014

Table 6. Systematic errors from uncertainty sources. The dominant source of the systematic error
for sin2 2✓13 is the uncertainty of the remaining background.

In summary, RENO has performed an independent measurement of sin22✓13 via neutron
capture on hydrogen using 1500 live days data, providing a result consistent with that of

– 22 –

RENO

JHEP 04 (2020) 029

sin2 2θ13

Δm2
31

Daya Bay: Phys.Rev.Lett. 130 (2023) 16, 161802

• 

• For normal ordering:


• 

• For inverted ordering


•

sin2 2θ13 = 0.0851 ± 0.024

Δm 2
32 = (2.466 ± 0.060) × 10−3 eV2

Δm 2
32 = − (2.571 ± 0.060) × 10−3 eV2

P(νe → νe) ∼ 1 − sin2 2θ13 sin2(1.27Δm 2
31L /E )

Next generation experiment:

• JUNO: “extra long baseline” 60 km 

• observe oscillations driven by both 

 Δm2
31, Δm2

21
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REACTORS AND ACCELERATORS
• Pion production from high energy protons


•  protons per pulse


• Pions can be magnetically sign selected to produce 


•  beam


•  beam


•  A to produce ~1 T field

𝒪(1012−14)

π+ → μ+ + νμ

π− → μ− + ν̄μ

𝒪(105−6)

9

π+

p
⊗ ⊗ ⊗ ⊗ ⊗
⊗ ⊗ ⊗ ⊗ ⊗

π+

⊙ ⊙ ⊙ ⊙⊙
⊙ ⊙ ⊙ ⊙⊙

π−

π+ • Off-axis neutrino beam

• Direct beam at a non-zero 

angle to the detector


• Neutrino flux narrows and 
moves to lower energy due 
to pion decay kinematics
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Figure 2 – Simulated neutrino interactions in the NOvA detectors: ⌫µ CC (top), ⌫e CC (middle), and NC

(bottom)
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Figure 3 – Reconstructed neutrino energy spectra for the ⌫µ CC (left) and
–⌫µ CC (right) samples at the FD.
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Figure 4 – Reconstructed neutrino energy spectra for the ⌫e CC (left) and
–⌫e CC (right) samples at the FD.

• O(1 GeV)  neutrinos are sent hundreds of km to 

large “far” detectors:


• T2K: ~0.6 GeV   295 km  (smaller matter effect)


• 50 kt Super-Kamiokande  detector


• NOvA: ~2 GeV   810 km (larger matter effect)


• 14 kt scintillator tracking detector


• Observe oscillation of  to other flavors at


• ~500 km/GeV for 

νμ, ν̄μ

νμ /ν̄μ

νμ /ν̄μ

νμ /ν̄μ

Δm2
atm ∼ 2.5 × 10−5 eV2

OLD RESULT!
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compositions of the selected samples. The CC candidate
event samples recorded at the FD include 211 (105) observed
νμðν̄μÞ → νμðν̄μÞ events and 82 (33) νμðν̄μÞ → νeðν̄eÞ can-
didate events. The latter νeðν̄eÞ appearance sample has an
estimated background of 26.8þ1.6

−1.7 (14.0þ0.9
−1.0 ).

This analysis determines a best-fit in the normal mass
ordering and upper θ23 octant (significance of 1.0σ
and 1.2σ, respectively), where −2 lnL ¼ 173.55 for
175 degrees of freedom (p-value of 0.705). The data
disfavor combinations that lead to a strong asymmetry in
the rate of νe versus ν̄e appearance; therefore, the inverted
mass ordering with δCP ¼ π=2 is excluded at more than 3σ
and the normal mass ordering with δCP ¼ 3π=2 is disfa-
vored at 2σ confidence. However, owing to the degener-
acies, the 90% confidence level allowed regions cover all
values of δCP given permutations of mass ordering and
octant. Thus, the current data do not exhibit a preference
concerning CP conservation versus violation. Table III
shows the best-fit parameter values for each choice of
θ23 octant and mass ordering.
Figure 5 compares the 90% confidence level contours

for Δm2
32 and sin2 θ23 with those of other experiments

[89–92].3 Allowed regions in sin2 θ23 and δCP are shown
in Fig. 6 and are compared with a recent best fit from
T2K [89].3

As shown in Fig. 6(a), the T2K best-fit point is in the NO
but lies in a region that NOvA disfavors. However, some
regions of overlap remain. Figure 6(b) shows that for IO,
the T2K allowed region at 90% confidence level is entirely
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FIG. 4. Reconstructed neutrino energy spectra for the FD (a) νμ
CC and (b) νe CC samples with the neutrino-mode beam on top
and antineutrino-mode beam on the bottom [82]. The νμ CC Efrac

subsamples have been combined. The νe CC low and high
CNNevt, and peripheral subsamples are shown.

TABLE II. Event counts at the FD, both observed and predicted
at the best-fit point (see Table III).

Neutrino beam Antineutrino beam

νμ CC νe CC ν̄μ CC ν̄e CC

νμ → νμ 201.1 1.7 26.0 0.2
ν̄μ → ν̄μ 12.6 0.0 77.2 0.2
νμ → νe 0.1 59.0 0.0 2.3
ν̄μ → ν̄e 0.0 1.0 0.0 19.2
Beam νe þ ν̄e 0.0 14.1 0.0 7.3
NC 2.6 6.3 0.8 2.2
Cosmic 5.0 3.1 0.9 1.6
Others 0.9 0.5 0.4 0.3
Signal 214.1þ14.4

−14.0 59.0þ2.5
−2.5 103.4þ7.1

−7.0 19.2þ0.6
−0.7

Background 8.2þ1.9
−1.7 26.8þ1.6

−1.7 2.1þ0.7
−0.7 14.0þ0.9

−1.0
Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

TABLE III. Summary of oscillation parameter best-fit results
for different choices of the mass ordering (normal or inverted) and
upper or lower θ23 octant (UO, LO), along with the FC corrected
significance (in units of σ) at which those combinations are
disfavored. Full uncertainties are given in [82].

Normal order Inverted order

Parameter UO LO UO LO

Δm2
32ð10−3 eV2Þ þ2.41% 0.07 þ2.39 −2.45 −2.44

sin2 θ23 0.57þ0.03
−0.04 0.46 0.56 0.46

δCPðπÞ 0.82þ0.27
−0.87 0.07 1.52 1.41

Rejection significance – 1.1σ 0.9σ 1.1σ
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FIG. 5. The 90% confidence level region for Δm2
32 and sin

2 θ23,
with the FC corrected allowed region and best-fit point for NOvA
[82] superposed on contours from other experiments [89–92].3

3While this paper was in its final internal review, an updated
analysis was published by the T2K collaboration [93]. Compared
to Ref. [89], the dataset remains unchanged and the same
approach is used. The conclusions drawn from the comparisons
of the contours remains unchanged.
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compositions of the selected samples. The CC candidate
event samples recorded at the FD include 211 (105) observed
νμðν̄μÞ → νμðν̄μÞ events and 82 (33) νμðν̄μÞ → νeðν̄eÞ can-
didate events. The latter νeðν̄eÞ appearance sample has an
estimated background of 26.8þ1.6
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This analysis determines a best-fit in the normal mass
ordering and upper θ23 octant (significance of 1.0σ
and 1.2σ, respectively), where −2 lnL ¼ 173.55 for
175 degrees of freedom (p-value of 0.705). The data
disfavor combinations that lead to a strong asymmetry in
the rate of νe versus ν̄e appearance; therefore, the inverted
mass ordering with δCP ¼ π=2 is excluded at more than 3σ
and the normal mass ordering with δCP ¼ 3π=2 is disfa-
vored at 2σ confidence. However, owing to the degener-
acies, the 90% confidence level allowed regions cover all
values of δCP given permutations of mass ordering and
octant. Thus, the current data do not exhibit a preference
concerning CP conservation versus violation. Table III
shows the best-fit parameter values for each choice of
θ23 octant and mass ordering.
Figure 5 compares the 90% confidence level contours

for Δm2
32 and sin2 θ23 with those of other experiments

[89–92].3 Allowed regions in sin2 θ23 and δCP are shown
in Fig. 6 and are compared with a recent best fit from
T2K [89].3

As shown in Fig. 6(a), the T2K best-fit point is in the NO
but lies in a region that NOvA disfavors. However, some
regions of overlap remain. Figure 6(b) shows that for IO,
the T2K allowed region at 90% confidence level is entirely
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FIG. 4. Reconstructed neutrino energy spectra for the FD (a) νμ
CC and (b) νe CC samples with the neutrino-mode beam on top
and antineutrino-mode beam on the bottom [82]. The νμ CC Efrac

subsamples have been combined. The νe CC low and high
CNNevt, and peripheral subsamples are shown.

TABLE II. Event counts at the FD, both observed and predicted
at the best-fit point (see Table III).

Neutrino beam Antineutrino beam

νμ CC νe CC ν̄μ CC ν̄e CC

νμ → νμ 201.1 1.7 26.0 0.2
ν̄μ → ν̄μ 12.6 0.0 77.2 0.2
νμ → νe 0.1 59.0 0.0 2.3
ν̄μ → ν̄e 0.0 1.0 0.0 19.2
Beam νe þ ν̄e 0.0 14.1 0.0 7.3
NC 2.6 6.3 0.8 2.2
Cosmic 5.0 3.1 0.9 1.6
Others 0.9 0.5 0.4 0.3
Signal 214.1þ14.4

−14.0 59.0þ2.5
−2.5 103.4þ7.1
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−0.7

Background 8.2þ1.9
−1.7 26.8þ1.6

−1.7 2.1þ0.7
−0.7 14.0þ0.9
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Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

TABLE III. Summary of oscillation parameter best-fit results
for different choices of the mass ordering (normal or inverted) and
upper or lower θ23 octant (UO, LO), along with the FC corrected
significance (in units of σ) at which those combinations are
disfavored. Full uncertainties are given in [82].

Normal order Inverted order

Parameter UO LO UO LO

Δm2
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[82] superposed on contours from other experiments [89–92].3

3While this paper was in its final internal review, an updated
analysis was published by the T2K collaboration [93]. Compared
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approach is used. The conclusions drawn from the comparisons
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•  charged current interactions


• muon exiting the interaction


• Neutrino energy by adding muon and hadron energy


• Strong “disappearance” observed for both  ,  beams

νμ

νμ ν̄μ

•  charged current interactions


• O(GeV) electromagnetic shower


• Interactions from both  ,  observed


νe

νμ → νe ν̄μ → ν̄e

νμ

ν̄μ

ν̄e

νe

• n.b.  “neutrino” vs. “antineutrino” determined by the beam configuration, not the detector
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Fig. 27: The reconstructed neutrino energy distributions of each FD sample. Data with Poisson uncertainties are shown in
orange and the distributions of the predictions are shown in the coloured background, with the mean of those distributions
overlaid in red. The z-axis represents the number of MCMC samples that had a prediction in a specific bin, and its intensity
is directly proportional to the probability. The predictions are built by sampling both the nuisance and oscillation parameters
from the posterior probability distribution in the Bayesian analysis. sin2 q13 is constrained from T2K data alone with no
reactor constraint applied.

lation parameters are varied from the posterior distribution
obtained by fitting a representative simulated data set, some-
times referred to as “Asimov data”. This simulated data set
is generated at the global best-fit point using the reactor con-
straint. Since the FC method is computationally intensive,
the remaining confidence regions are constructed using con-
stant D c2(q) = c2(q)� minq 0 c2(q 0) values via Wilks’s
theorem [136], where c2 = �2lnLmarg. Whether D c2 is
computed with respect to the minimum over both mass or-
derings, or the minimum in each mass ordering separately,
is indicated in each of the results from the frequentist anal-
ysis. The frequentist analysis bins the e-like FD samples
in reconstructed lepton angle and reconstructed lepton mo-
mentum, and the µ-like samples in reconstructed lepton
angle and the reconstructed neutrino energy, defined in the
same way as in the Bayesian analysis presented in Sec. 8.1.
In previous analyses, the µ-like samples were binned only in
reconstructed neutrino energy, and adding the lepton angle
information increases the 1s expected sensitivity to Dm2

32
by O(1%).

Global best-fit values are given in Tab. 13. As noted in
the Bayesian section, the results with and without the reac-
tor constraint are compatible, with the former resulting in

stronger constraints on dCP and sin2 q23. All the following
results are from the fit to data using the reactor constraint.

8.2.1 The CP-violating phase dCP, and mass ordering

Fig. 28 shows the D c2 distributions for dCP in both mass
orderings with FC-adjusted confidence intervals, which are
also summarised in Tab. 14. A large region of sindCP > 0 is
excluded at > 3s confidence level (CL), whereas the CP-
conserving values dCP = 0,p are excluded at 90% CL. In
particular, dCP = p is just inside the 2s interval.

As was also seen in the Bayesian analysis, the constraint
on dCP is weaker compared to T2K’s previous analysis [1,2].
Fig. 29 shows the impact on the D c2 of dCP after each up-
date introduced in this analysis, all of which weaken the dCP

constraint, with the largest contribution being the addition
of the latest data in run 10 at the FD. The data is now more
consistent with the expectation, shown in Fig. 30 for both
normal and inverted ordering. In most of the dCP parameter
space, T2K is below the upper limit of the 68% expectation
band of ensemble experiments at maximal CP violation. The
inverted mass ordering is disfavoured at more than 1s for all
dCP values, mostly consistent with the expected sensitivity at
sindCP = �1. Replacing each sample’s event distribution in

34

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Reconstructed Neutrino Energy [GeV]

0

5

10

15

20

25

Ev
en

ts
 p

er
 B

in

0

10

20

30

40

50

60

70

80

90

100

Mean prediction
Data

(a) n-mode 1Rµ

0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Neutrino Energy [GeV]

0

2

4

6

8

10

12

14

Ev
en

ts
 p

er
 B

in

0

10

20

30

40

50

60

70

80

90

100Mean prediction
Data

(b) n-mode 1Re

0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Neutrino Energy [GeV]

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

Ev
en

ts
 p

er
 B

in

0

50

100

150

200

250

300

350

400

Mean prediction
Data

(c) n-mode 1Re1de

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Reconstructed Neutrino Energy [GeV]

0

2

4

6

8

10

12

14

Ev
en

ts
 p

er
 B

in
0

10

20

30

40

50

60

70

80

90

100

Mean prediction
Data

(d) n-mode 1Rµ

0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Neutrino Energy [GeV]

0

1

2

3

4

5

Ev
en

ts
 p

er
 B

in

0

50

100

150

200

250

300

350

400

Mean prediction
Data

(e) n-mode 1Re

Fig. 27: The reconstructed neutrino energy distributions of each FD sample. Data with Poisson uncertainties are shown in
orange and the distributions of the predictions are shown in the coloured background, with the mean of those distributions
overlaid in red. The z-axis represents the number of MCMC samples that had a prediction in a specific bin, and its intensity
is directly proportional to the probability. The predictions are built by sampling both the nuisance and oscillation parameters
from the posterior probability distribution in the Bayesian analysis. sin2 q13 is constrained from T2K data alone with no
reactor constraint applied.

lation parameters are varied from the posterior distribution
obtained by fitting a representative simulated data set, some-
times referred to as “Asimov data”. This simulated data set
is generated at the global best-fit point using the reactor con-
straint. Since the FC method is computationally intensive,
the remaining confidence regions are constructed using con-
stant D c2(q) = c2(q)� minq 0 c2(q 0) values via Wilks’s
theorem [136], where c2 = �2lnLmarg. Whether D c2 is
computed with respect to the minimum over both mass or-
derings, or the minimum in each mass ordering separately,
is indicated in each of the results from the frequentist anal-
ysis. The frequentist analysis bins the e-like FD samples
in reconstructed lepton angle and reconstructed lepton mo-
mentum, and the µ-like samples in reconstructed lepton
angle and the reconstructed neutrino energy, defined in the
same way as in the Bayesian analysis presented in Sec. 8.1.
In previous analyses, the µ-like samples were binned only in
reconstructed neutrino energy, and adding the lepton angle
information increases the 1s expected sensitivity to Dm2

32
by O(1%).

Global best-fit values are given in Tab. 13. As noted in
the Bayesian section, the results with and without the reac-
tor constraint are compatible, with the former resulting in

stronger constraints on dCP and sin2 q23. All the following
results are from the fit to data using the reactor constraint.

8.2.1 The CP-violating phase dCP, and mass ordering

Fig. 28 shows the D c2 distributions for dCP in both mass
orderings with FC-adjusted confidence intervals, which are
also summarised in Tab. 14. A large region of sindCP > 0 is
excluded at > 3s confidence level (CL), whereas the CP-
conserving values dCP = 0,p are excluded at 90% CL. In
particular, dCP = p is just inside the 2s interval.

As was also seen in the Bayesian analysis, the constraint
on dCP is weaker compared to T2K’s previous analysis [1,2].
Fig. 29 shows the impact on the D c2 of dCP after each up-
date introduced in this analysis, all of which weaken the dCP

constraint, with the largest contribution being the addition
of the latest data in run 10 at the FD. The data is now more
consistent with the expectation, shown in Fig. 30 for both
normal and inverted ordering. In most of the dCP parameter
space, T2K is below the upper limit of the 68% expectation
band of ensemble experiments at maximal CP violation. The
inverted mass ordering is disfavoured at more than 1s for all
dCP values, mostly consistent with the expected sensitivity at
sindCP = �1. Replacing each sample’s event distribution in

•  vs.   identification via  projected Cherenkov ring profile


• Muons from  produce “clean” profiles


• Electrons from  produced “fuzzy” profiles


• Neutrino energy assuming quasi 2-body kinematics

νμ νe

νμ

νe

n.b.  “neutrino” vs. “antineutrino” determined by the beam configuration, not the detector

νμ

ν̄μ

νe

ν̄e

New Results! 2303.03222 [hep-ex]

μ e
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NEAR DETECTOR

We must predict the expected spectrum of neutrino interactions at the far detector


• : flux of initial neutrino flavor ( )


• : modelling of neutrino interaction on target nucleus ( )


• : detector response modelling


in order to extract the oscillation probability 


The near detector is a critical element in bringing systematic errors in each part under control

Φ(Eν, νμ) νμ /ν̄μ

σ(νβ, Eν) 16O,37Ar

R(νβ, EREC, Eν)

P(νμ → νβ; Eν)

13

Φ(νμ, Eν)

σ(νβ, Eν)

σ(νβ, Eν)
P(νμ → νβ; Eν)

R(νβ, EREC, Eν)

Φ(νμ, Eν)
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Fig. 27: The reconstructed neutrino energy distributions of each FD sample. Data with Poisson uncertainties are shown in
orange and the distributions of the predictions are shown in the coloured background, with the mean of those distributions
overlaid in red. The z-axis represents the number of MCMC samples that had a prediction in a specific bin, and its intensity
is directly proportional to the probability. The predictions are built by sampling both the nuisance and oscillation parameters
from the posterior probability distribution in the Bayesian analysis. sin2 q13 is constrained from T2K data alone with no
reactor constraint applied.

lation parameters are varied from the posterior distribution
obtained by fitting a representative simulated data set, some-
times referred to as “Asimov data”. This simulated data set
is generated at the global best-fit point using the reactor con-
straint. Since the FC method is computationally intensive,
the remaining confidence regions are constructed using con-
stant D c2(q) = c2(q)� minq 0 c2(q 0) values via Wilks’s
theorem [136], where c2 = �2lnLmarg. Whether D c2 is
computed with respect to the minimum over both mass or-
derings, or the minimum in each mass ordering separately,
is indicated in each of the results from the frequentist anal-
ysis. The frequentist analysis bins the e-like FD samples
in reconstructed lepton angle and reconstructed lepton mo-
mentum, and the µ-like samples in reconstructed lepton
angle and the reconstructed neutrino energy, defined in the
same way as in the Bayesian analysis presented in Sec. 8.1.
In previous analyses, the µ-like samples were binned only in
reconstructed neutrino energy, and adding the lepton angle
information increases the 1s expected sensitivity to Dm2

32
by O(1%).

Global best-fit values are given in Tab. 13. As noted in
the Bayesian section, the results with and without the reac-
tor constraint are compatible, with the former resulting in

stronger constraints on dCP and sin2 q23. All the following
results are from the fit to data using the reactor constraint.

8.2.1 The CP-violating phase dCP, and mass ordering

Fig. 28 shows the D c2 distributions for dCP in both mass
orderings with FC-adjusted confidence intervals, which are
also summarised in Tab. 14. A large region of sindCP > 0 is
excluded at > 3s confidence level (CL), whereas the CP-
conserving values dCP = 0,p are excluded at 90% CL. In
particular, dCP = p is just inside the 2s interval.

As was also seen in the Bayesian analysis, the constraint
on dCP is weaker compared to T2K’s previous analysis [1,2].
Fig. 29 shows the impact on the D c2 of dCP after each up-
date introduced in this analysis, all of which weaken the dCP

constraint, with the largest contribution being the addition
of the latest data in run 10 at the FD. The data is now more
consistent with the expectation, shown in Fig. 30 for both
normal and inverted ordering. In most of the dCP parameter
space, T2K is below the upper limit of the 68% expectation
band of ensemble experiments at maximal CP violation. The
inverted mass ordering is disfavoured at more than 1s for all
dCP values, mostly consistent with the expected sensitivity at
sindCP = �1. Replacing each sample’s event distribution in

             N(EREC; νβ) = ∫ dEν R(νβ, EREC, Eν) × σ(νβ, Eν) × P(νμ → νβ; Eν) × Φ(Eν, νμ)

R(νβ, EREC, Eν)
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 AND νμ → νe ν̄μ → ν̄e
• This channel can tell us:


• Do  and    oscillate different in vacuum?


• “CP violation” induced by a complex phase (“ ”) in mixing


• Continuous anticorrelation of  vs.  oscillation probabilities 


• Is  or 


• The “ordering/hierarchy” of the mass states


• Neutrinos traveling through matter have additional energy term


• More  , less  if ordering is “normal”


• Less  , more   if ordering is “inverted”


• Discrete anti-correlation of  vs.  oscillation probabilities


• Is  more  or  (or equal parts of each)?


• “  octant”: note  sensitive to 


• More   and  if   is more 


• Continuous “common mode” scaling  of ,  oscillation probabilities

ν ν̄
δ

ν ν̄
m3 > m2,1 m3 < m2,1

νμ → νe ν̄μ → ν̄e

νμ → νe ν̄μ → ν̄e

ν ν̄
ν3 νμ ντ

θ23 P(νμ → νμ) 2θ23

νμ → νe ν̄μ → ν̄e ν3 νμ

ν ν̄

14

δ

• It’s complicated! Disentangle with:


• Neutrino ( ) vs. antineutrino ( )


• Spectrum information


• “Baseline” and matter effects


•  disappearance

νμ → νe ν̄μ → ν̄e

νμ

δ

PPC 202  Daejeon, South Korea

Credit: wikipedia.org
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Fig. 38: Comparison of 90% confidence regions in sin2 q23 � dCP over both mass orderings with NOvA [137] and Super-
K [138]. The T2K and NOvA confidence regions have been computed using the FC method, whereas the Super-K results are
obtained with the constant D c2 method.

the usual systematic uncertainty model. The parameters are
fit to simulated data at the ND and are propagated to the
FD, and the reconstructed energy spectrum and oscillation
parameter constraints are compared to an “Asimov” data
set. In an Asimov analysis, the parameters for the system-
atic uncertainties are set to specific values and the predicted
spectra at each detector is treated as the data, giving an ex-
pectation of the sensitivity if no statistical fluctuations were
present. For the oscillation parameters, two separate Asimov
points were tested: one close to T2K’s best-fit point, and one
with dCP = 0 and non-maximal sin2 q23, detailed in App. B,
Tab. 17. This section only presents results with the Asimov
data near T2K’s best-fit point. The PDG 2019 reactor con-
straint on sin2 q13 is applied in the following studies, but had
little impact on the overall conclusions. Although simulated
data sets can result in both weaker and stronger constraints
on the oscillation parameters than the expected sensitivity,
they are only used to inflate the uncertainties in this analy-
sis.

The simulated data set procedure mainly identifies two
types of effects:
• Systematic uncertainty model shortcomings: If the sys-

tematic uncertainty model is robust, or if the effect of the
alternative model is small, the oscillation parameter con-
tours obtained with the simulated data sets will not see
a bias with respect to the expected sensitivity. The bias
is quantified as the percentage change of the middle of the
1s confidence interval of an oscillation parameter, relative
to the 1s from systematic uncertainties in the expected
sensitivity analysis. An example is discussed in Sec. B.1.

• ND to FD extrapolation issues: Some alternate models
may not produce a significant bias on the oscillation pa-

rameters, often due to the low sensitivity of the samples
they affect. Issues in the extrapolation process can be ex-
posed by comparing three distributions: i) the predicted
spectrum at the FD from fitting the Asimov data set at the
ND, ii) the predicted spectrum at the FD from fitting to
the simulated data at the ND, iii) and the predicted spec-
trum at the FD when applying the alternative model di-
rectly. Even though the bias on the oscillation parameters
at T2K statistics may be small, simulated data studies may
guide which of the systematic uncertainties are important
to address in future T2K analyses and upcoming high-
statistics experiments, such as Hyper-Kamiokande [141]
and DUNE [142]. An example is discussed in Sec. B.2.

All the individual biases are summed in quadrature and
are used to inflate the confidence interval for Dm2

32, due to
its simple Gaussian probability density. For dCP, the effect of
systematic uncertainties is much smaller and the probability
density is non-Gaussian, so a different method is applied.
Each simulated data set is studied to see if it impacts any
major claims in the analysis; in this analysis the 90% con-
fidence interval of dCP. This is done by calculating the dif-
ference in the D c2 distribution for dCP for the Asimov data
and the simulated data, and adding the difference to the D c2

distribution for dCP from the data, where the 90% confidence
interval was calculated using the FC method mentioned in
Sec. 8.2.

Simulated data sets can drastically increase or decrease
the number of events at both detectors. In such cases, com-
paring the constraints on the oscillation parameters to the
expected sensitivity conflates the effects of propagating
mis-modelling from the ND analysis with the impact of in-
creased or decreased statistics from the simulated data set.

T2K AND NOVA RESULTS
• T2K, NOvA: very large, possibly maximal mixing in :


•  


• T2K: large , small   


• Prefers  in both mass orderings

• NOvA: less asymmetry 


• Effectively all values of    for normal ordering


•  for inverted ordering

θ23
sin2 θ23 ∼ 0.5

P(νμ → νe) P(ν̄μ → ν̄e)
δ ∼ − π /2

δ
δ ∼ − π /2
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Fig. 18: The number of n-mode 1Re + 1Re1de versus n-
mode 1Re events (top, leading sindCP dependence) and n-
mode 1Re + 1Re1de + n-mode 1Re events above and below
Erec = 550 MeV (bottom, leading cosdCP dependence), with
the predicted number of events for various sets of oscilla-
tion parameters, as shown by the different coloured ellipses.
The values for the neutrino mass splitting are from the fre-
quentist analysis of data, where Dm2

32 = 2.40⇥ 10�3 eV2

(Dm2
31 = �2.46⇥10�3 eV2) is the best-fit point in the nor-

mal (inverted) ordering. The uncertainties represent the 68%
confidence interval for the mean of a Poisson distribution
given the observed data point. The underlaid contours con-
tain the predicted number of events for 68% of simulated
experiments, varying the systematic uncertainty parameters
around the best-fit values from the fit to ND data, and oscil-
lation parameters set to the best-fit values from a fit to data.
The overlaid triangle point shows the predicted number of
events with both oscillation and systematic uncertainty pa-
rameters at their data best-fit values.

distribution on both Dm2
32 and sin2 q23 is equivalent to com-

paring the likelihood that T2K’s data is described by the
different choices of hypotheses. The analysis with (without)
the reactor constraint sees a Bayes factor (BF) of 3.35 (1.43)
for the upper over the lower q23 octant; 4.21 (1.83) for the
normal over inverted mass ordering; and a combined factor
of 1.58 (0.63) for upper q23 octant and normal ordering.
When calculating the BFs, the alternate hypothesis is any
other combination of octant and mass ordering. Interpreting
the largest BFs with the Jeffreys’ scale, there is substantial
evidence for the normal ordering when marginalising over
the octant, and substantial evidence for the upper octant
when marginalising over the mass ordering. In the more
recent interpretation of BFs by Kass and Raftery [133],
these both correspond to positive evidence. Importantly,
the Jeffreys and Kass–Raftery definitions of “evidence” do
not equate to the criteria often used in particle physics. For
instance, a probability of 95.4% (“2s”) is equivalent to a
BF of 20.7, which is deemed as “decisive” on the Jeffreys’
scale, and as “strong” on the Kass–Raftery scale.

8.1.2 The CP-violating phase dCP, and sin2 q13

A comparison of sin2 q13 � dCP contours with and without
the reactor constraint is shown in Fig. 23. The regions are in
good agreement, with a majority of the 1s regions overlap-
ping, comparable with the reactor constraint. A comparison
of the dCP posterior distributions is shown in Fig. 24, show-
ing the impact of the reactor constraint on T2K’s dCP result.
The external constraint breaks the partially degenerate ef-
fects of sin2 q13 and dCP on the ne appearance, leading to the
n-mode 1Re and 1Re1de selections having a larger sensitiv-
ity to dCP.

8.1.3 The Jarlskog invariant

The sampled posterior probability density is in part a func-
tion of the PMNS mixing angles and dCP, which means the
probability distribution for the Jarlskog invariant [22, 23],

J = sinq13 cos2 q13 sinq12 cosq12 sinq23 cosq23 sindCP (8)

can be extracted directly from the steps in the MCMC. The
posterior distribution for J is presented in Fig. 25, which
favours a near-maximal negative J. The prior probability
distribution is largely flat in the range J = [�0.035,0.035],
with the fall-off beyond that coming from external q12 and
q13 constraints. The preference for sin2 q23 values near max-
imal mixing has the effect of picking out the more extreme
values of J. When sampling the full posterior probability,
which incorporates the dCP constraint, a preference for neg-
ative values of J emerges. The blue curve in Fig. 25 is recre-
ated in Fig. 26 showing the 1s , 2s , and 3s credible inter-
vals. Two-dimensional credible regions for the Jarlskog in-
variant against both sin2 q23 and dCP are included in App. C.
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lap, as do the intervals for dCP. In the normal ordering, T2K
excludes large regions of the NOvA constraint at 90% confi-
dence interval, and NOvA excludes parts of T2K’s 90% con-
fidence interval. In the inverted ordering, the experiments
consistently favour the p < dCP < 2p region, with a weak
preference for the upper octant. Importantly, there is no sig-
nificant tension between the experiments, and more data is
needed to elucidate the matter. Furthermore, the joint oscil-
lation analyses with the NOvA and SK collaborations will
help address this.

9 Simulated data studies

Simulated data studies with the frequentist analysis were
used to investigate the impact of alternative model predic-
tions and data-driven tunes, discussed in Sec. 5.3, on the os-
cillation parameter constraints. The oscillation analysis in
Sec. 8 had these uncertainty inflation strategies applied, and
this section summarises the procedure, with details provided
in App. B.

9.1 Methodology

In the simulated data studies, the prediction from an alter-
native model is treated as the data at the ND, and is fit with
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Fig. 37: Comparison of the 90% confidence regions in
sin2 q23 � Dm2

32 for normal ordering with NOvA [137],
Super-K [138], IceCube [139], and MINOS+ [140]. The
NOvA and IceCube constraints are obtained with the FC
method, but with different treatment of the mass order-
ing: NOvA takes the minimum over both mass orderings,
whereas the IceCube contours assume normal ordering. The
T2K, Super-K, and MINOS+ contours are computed with
the constant D c2 method, assuming normal ordering.

Figure 5.9: Total event counts in FHC and RHC in the appearance channel plotted with the
best-fit expectations in the 4 quadrants of Hierarchy-Octant space

and �m�
�� values in the Normal (2.4 ⇥ 10�3 eV2) and Inverted Hierarchies (� 2.44 ⇥ 10�3

eV2) which shows that the data is close to the Inverted Hierarchy expectation for many ✓��

values.

For the “bi-event” plot shown in Fig. 5.9, the observed number of data events for FHC and

RHC are plotted for di↵erent best-fit oscillation parameters assuming di↵erent combinations

of parameter space, (NH, IH) ⇥ (UO, LO). The variation of �CP traces out 4 ellipses for

4 such combinations. The range of expectations vary from 52 to 110 events for (IH, LO,

�CP = ⇡/2) and (NH, UO, �CP = 3⇡/2) respectively in FHC. For RHC the expectations vary

from 25 to 45 for (NH, LO, �CP = 3⇡/2) and (IH, UO, �CP = ⇡/2). The observed data is

166

For illustration only

NOvA 

Preliminary

T2K
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MOVING FORWARD

• Hyper-Kamiokande:


• “Upgrade” to Super-Kamiokande with 8.4 x greater volume (217 vs. 32 kton)


• Upgraded 0.6 GeV  beam from J-PARC 295 km away. 


• DUNE:


• Long baseline (1285 km) with large matter effects to resolve mass ordering


• Broad-band neutrino beam (0.5-5 GeV) to observe large range of 


• Large O(10 kt) LArTPC detectors optimized for higher energy neutrino events.

νμ /ν̄μ

L /E

16

13

FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass

• NOvA and T2K will continue to take data through the decade


• A new generation of experiments will have a leap in capability, statistics, and configuration
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DIGGING AND BUILDING FOR THE FUTURE
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FDC - Cryostat Fabrication Progress

C. J. Mossey | LBNF Update22 23 Jan 2023

Warm steel cryostat components in production!

Photos by Dimitar Mladenov, CERN

Thank you to CERN 
Neutrino Platform!

Far Site – Logistics Planning for Far Detectors

C. J. Mossey | LBNF Update20

• Anode Plane Assembly (APA) test lift successfully completed at SURF between in early  
November – proves the largest detector components can be successfully moved to 4850L.
- Test included handling and lowering of the APA shipping container (holding 2 APAs) to the 4850L.
- “Slung load” movement in the shaft was smooth and stable. Traveled at 100 ft/min to the 4850 level, 

which takes ~45 minutes.
- The APAs are now at Fermilab for wire fidelity and tension testing – critical validation test.
- Lessons learned include some minor redesign to shipping frame and better sealing against moisture in 

the shaft.

23 Jan 2023

APAs being tested at Daresbury Laboratory, UK.
One 2.3m x 6.3m APA is shown

North Detector Cavern – West End

C. J. Mossey | LBNF Update16 23 Jan 2023 Photo by Matt Kapust, SDSTA – 19 Jan 2023

Drilling holes for blast charges for bench C (left) and removing muck (right) in North Detector Cavern (4850-33)

Excavation of caverns for DUNE Far Detector Tunnel for Hyper-Kamiokande Start  of cavern excavation for Hyper-K

Warm structure for 
DUNE cryostat

Anode wire system for 
DUNE Far Detector

Prototype module for 
DUNE Near Detector

New photosensors for 
Hyper-K

PPC 202  Daejeon, South Korea



SUMMARY
• Neutrinos: exemplar of connections between  smallest and largest scales of the universe


• Particle physics and cosmology


• Neutrino oscillations probe fundamental properties of the neutrino


• Essential in understanding many issues in physics from understanding particle interactions to 
cosmology


• Essential questions about mass ordering and CP violation are still unresolved


• We still have fundamental questions to understand about neutrinos:


• What are the full implications of their mass/mixing?


• What determines the value of neutrino mixing parameters and masses?


• I was told that neutrino physics is “entering the golden era” 20 years ago 


• It seems the golden era will continue for at least a few more decades!


• A new generation of ambitious experiments are under construction!

18

Grojean, Day 1
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