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Neutrino Detection
¢ We want to detect electron neutrinos (νe):

� This requires a large detector mass and good 
electron identification.

¢ NOvA is a rectangular tracking calorimeter.
� low Z materials: PVC extrusions filled with liquid scintillator

¢ radiation length ~ 40 cm, Molière radius ~ 11 cm
¢ provides many samples per radiation length (differentiate e− and π0)

� each extrusion contains one wavelength-shifting fiber
� ends of fiber read out by avalanche photo-diode (APD)

APD
32 Channels

charged-current (CC)
interaction

1 Channel
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z
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Near Detector Event Display
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Far Detector Event Display

550 μs Exposure
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Time Zoom on NuMI Beam Pulse



Martin Frank University of South Alabama31Martin Frank University of South Alabama31

Close-Up of  Neutrino Interaction
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Neutrino Analysis

Alternative statistical treatment
¢ The neutrino counts are identical to the ones from 

Phys. Rev. D 106, 032004 (2022).
� Frequentist measurement with Feldman-Cousins corrections

¢ We re-analyzed this data using a Bayesian Markov Chain 
Monte Carlo.
� Expand measured neutrino oscillation parameters
� Direct θ13 determination using NOvA only
� Measure Jarlskog invariant (CP-violation parameter)

¢ Some vocabulary:
� Prior: assumed probability distribution of input
� Posterior: probability distribution of desired output
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Far Detector Neutrino Prediction

¢ We use a data-driven technique to extrapolate the neutrino events 
in the near detector to the far detector:
1. Estimate true energy distribution of near detector events
2. Multiply by expected far/near event ratio and oscillation probability
3. Convert far detector true energy into reconstructed energy
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FIG. 1: Reconstructed neutrino energy distribution of selected data events (black crosses) in FD ⌫e CC
samples (top) and FD ⌫µ CC samples (bottom) in neutrino enriched beam-mode (left) and antineutrino enriched
beam mode (right). The colored bands correspond to the extrapolated posterior predictive FD spectra produced

using the combinations of the oscillation and systematics parameters sampled by our MCMC algorithms. The FD ⌫e

sample is divided into bins of low and high particle ID as well as the peripheral sample discussed in Sec. II B. The
four Efrac ⌫µ subsamples have been combined together in this plot.

empirically in order to optimize sampling e�ciency (see325

App. A). We also “thin” the resulting chains to reduce326

autocorrelations among the samples (see App. B). Our327

results below have 5⇥ 105 e↵ective samples for ARIA.328

2. Stan - Hamiltonian MCMC329

Though the MR2T2 method proposes samples quickly,330

they are typically highly autocorrelated. Its sampling331

proposals can also be ine�cient if the posterior is sharply332

concentrated. Other MCMC methods have been devel-333

oped to address these shortcomings, including one called334

“Hamiltonian” MCMC inference (HMCMC). We im-335

plemented a C++ interface to the Stan modeling plat-336

form [52] to obtain HMCMC samples.337

The main di↵erence between HMCMC and MR2T2 is338

how proposals are generated. Rather than proposing ran-339

domly, HMCMC views the posterior surface as a topo-340

graphical one that can be explored by a fictitious particle.341

Samples correspond to trajectories under the influence of342

a gravitational potential whose gradient corresponds to343

that of higher posterior density. Endowing the parti-344

cle with an initial momentum that counterbalances the345

centripetal force from gravitation results in stable trajec-346

tories traversing the highest density region of posterior347

space [53]. HMCMC does this by numerically integrat-348

ing Hamilton’s equations for the fictitious particle system349

with its position ~q (which correspond to the parameters350

of interest) and momentum ~p coordinates, and a Hamilto-351

nian H = � log(posterior). This approach produces sam-352

ples that are nearly uncorrelated without thinning at the353

expense of additional computing cycles to compute the354

gradient of the posterior. We find Stan’s default choices355

of the sampling distribution for the pseudoparticle ki-356

netic energies and the integration stopping condition to357

be su�cient for our needs (see App. C).358

Its topographical nature means HMCMC is ill-suited359

to parameters that assume only one of a discrete set of360

values, which would manifest as discontinuities in the361

trajectories considered. This presents a di�culty in neu-362

trino oscillation parameter inference, where the absolute363

value of �m
2
32 is known with relatively good precision,364

but its sign remains an important unknown. While it is365

¢ Muon neutrino event counts
¢ Neutrino beam (left) – 13.6 x 1020 POT
¢ Antineutrino beam (right) – 12.5 x 1020 POT
¢ Note the dip in the energy spectrum indicating the 

disappearance of muon neutrinos
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netic energies and the integration stopping condition to357
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to parameters that assume only one of a discrete set of360
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trajectories considered. This presents a di�culty in neu-362
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¢ Electron neutrino event counts
¢ Neutrino beam (left) – 13.6 x 1020 POT
¢ Antineutrino beam (right) – 12.5 x 1020 POT
¢ Samples divided into three Particle ID (PID) categories:

� High, Low, Peripheral

5

Reconstructed neutrino energy (GeV)
0

10

20

30

40

Ev
en

ts

1 2 3 4 1 2 3 4
Pe

rip
he

ra
l

High PID Low PID

-beamν

Far Detector Data:
Posterior predictive range: σ1 σ2 σ3 

Reconstructed neutrino energy (GeV)
0

5

10

15

Ev
en

ts

1 2 3 4 1 2 3 4

Pe
rip

he
ra

l

High PID Low PID

-beamν

Far Detector Data:
Posterior predictive range: σ1 σ2 σ3 

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

5

10

15

20

25

Ev
en

ts
 / 

0.
1 

G
eV

-beamν

Far Detector Data:
Posterior predictive range: σ1 σ2 σ3 

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

2

4

6

8

10

12

14

Ev
en

ts
 / 

0.
1 

G
eV

-beamν

Far Detector Data:
Posterior predictive range: σ1 σ2 σ3 

FIG. 1: Reconstructed neutrino energy distribution of selected data events (black crosses) in FD ⌫e CC
samples (top) and FD ⌫µ CC samples (bottom) in neutrino enriched beam-mode (left) and antineutrino enriched
beam mode (right). The colored bands correspond to the extrapolated posterior predictive FD spectra produced

using the combinations of the oscillation and systematics parameters sampled by our MCMC algorithms. The FD ⌫e

sample is divided into bins of low and high particle ID as well as the peripheral sample discussed in Sec. II B. The
four Efrac ⌫µ subsamples have been combined together in this plot.

empirically in order to optimize sampling e�ciency (see325

App. A). We also “thin” the resulting chains to reduce326

autocorrelations among the samples (see App. B). Our327

results below have 5⇥ 105 e↵ective samples for ARIA.328

2. Stan - Hamiltonian MCMC329

Though the MR2T2 method proposes samples quickly,330
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plemented a C++ interface to the Stan modeling plat-336
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Extract Nature’s Parameters

¢ Same conclusion as 2022 
frequentist analysis

contained within the corresponding NOvA allowed region.
This outcome reflects in part the circumstance that T2K
observes a relatively more pronounced asymmetry in νe
versus ν̄e oscillations.

Although each experiment reports a mild preference
for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [94]. Some
authors have also explored the possibility that the
differences in the νμ → νe and ν̄μ → ν̄e rates seen by the
experiments are explained by additional nonstandard mat-
ter effects [95,96].
In conclusion, we have presented improved measure-

ments of oscillation parameters Δm2
32, sin

2 θ23, and δCP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass ordering
and upper octant of sin2 θ23, as well as values of the
oscillation parameters that do not lead to a large asymmetry
in νμ → νe and ν̄μ → ν̄e oscillation rates.
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observes a relatively more pronounced asymmetry in νe
versus ν̄e oscillations.

Although each experiment reports a mild preference
for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [94]. Some
authors have also explored the possibility that the
differences in the νμ → νe and ν̄μ → ν̄e rates seen by the
experiments are explained by additional nonstandard mat-
ter effects [95,96].
In conclusion, we have presented improved measure-

ments of oscillation parameters Δm2
32, sin

2 θ23, and δCP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass ordering
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Extract Nature’s Parameters

¢ Same conclusion as 2022 
frequentist analysis

¢ Neutrino-antineutrino 
asymmetry

contained within the corresponding NOvA allowed region.
This outcome reflects in part the circumstance that T2K
observes a relatively more pronounced asymmetry in νe
versus ν̄e oscillations.

Although each experiment reports a mild preference
for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [94]. Some
authors have also explored the possibility that the
differences in the νμ → νe and ν̄μ → ν̄e rates seen by the
experiments are explained by additional nonstandard mat-
ter effects [95,96].
In conclusion, we have presented improved measure-

ments of oscillation parameters Δm2
32, sin

2 θ23, and δCP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass ordering
and upper octant of sin2 θ23, as well as values of the
oscillation parameters that do not lead to a large asymmetry
in νμ → νe and ν̄μ → ν̄e oscillation rates.
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Extract Nature’s Parameters

¢ We measure a small neutrino-antineutrino asymmetry.
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Extract Nature’s Parameters

¢ Weak preference for  
normal ordering

¢ Weak preference for 
upper octant of θ23

¢ We can measure θ13 using 
NOvA only.
� Without reactor constraint
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FIG. 12: Comparison of the 2D sin2 ✓23–sin
2 2✓13

credible intervals (bottom) and 1D sin2 2✓13 posterior
probabilities (top) between both (purple), normal

(dark-green) and inverted (red) mass orderings with a
prior uniform in sin2 2✓13 and sin2 ✓23. The 1� interval
for the reactor experiments’ sin2 2✓13 from the PDG

2020 is shown in the yellow bar.

the external constraint (particularly for the octant), we814

note that the conclusions arising from the analysis remain815

unchanged.816

This measurement of sin2 2✓13 using electron neutrinos817

and antineutrinos with energies in the GeV range and818

propagating for hundreds of kilometers is fully consistent819

with measurements performed using few-MeV electron820

antineutrinos from nuclear reactors propagating for a few821

kilometers. The consistency of results using the PMNS822

framework across a broad regime of conditions bolsters823

its applicability. More stringent tests of CP violation and824

the consistency of our sin2 2✓13 measurement with those825

of reactors will be possible with increased statistics in826

upcoming NOvA measurements.827

Appendix A: Determining step sizes for ARIA828

As noted in Sec. III A 1, a MR2T2 chain is derived829

sample-by-sample using a repeated two-step procedure:830

1. Proposal: The coordinates of a potential new sam-831

ple are selected from a probability distribution cen-832

tered on the current sample (or initial seed).833

2. Acceptance: The proposal selected above is ei-834

ther accepted or rejected according to the rule of835

detailed balance, i.e., that every step in the chain836

be exactly reversible.837

If accepted, the proposed coordinates become the next838

sample. If rejected, the previous sample is repeated to839

become the next sample.840

The MR2T2 algorithm does not specify the distribu-841

tion to be used in step 1 above, however. In our imple-842

mentation, we use the most common choice, a multivari-843

ate Gaussian:844

g(~x 0|~x) = (2⇡)�
N
2 (det⌃)�

1
2 exp

✓
�1

2
(~x 0 � ~x )

T
⌃�1 (~x 0 � ~x )

◆
(A1)

where ~x represents the current sample coordinates, ~x 0
845

the proposed next coordinates, and N the dimensional-846

ity of the coordinate space. The matrix ⌃ imposes a847

length scale on the “distance” between successive sam-848

ples, and (especially when it is diagonal) its elements are849

usually called the “step sizes” of the sampling for each850

degree of freedom. The ideal asymptotic fraction of sam-851

ples accepted in step 2, ↵, is 23.4% under a wide range852

of circumstances [65, 66]. Though this figure is strictly853

true only for N ! 1, it has been shown to hold approx-854

imately even for parameter counts as low as N = 5 [67].855

Because the outcome of step 2 is related to the proposals856

generated in step 1, we tuned the values of ⌃ to arrive at857

↵ = 23.4%.858

Our overall heuristic in the tuning procedure is to859

maintain step sizes that yield similar autocorrelations860

(defined rigorously below) across all the parameters. This861

results in the most e�cient exploration of the parame-862

ter space [47]. We first optimized the step sizes for the863

parameters of interest, ✓13, ✓23, |�m
2
32|, and �CP. We864

constructed a chain that sampled only those parameters865

using a unit matrix for ⌃. We computed ↵ for this chain866

and scaled the relevant elements of ⌃ in order to arrive at867

a tolerable preliminary acceptance rate of about 20%. We868

then computed the k-lag autocorrelation for each param-869

eter ✓, which measures the average correlation between870
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Extract Nature’s Parameters

¢ Weak preference for  
normal ordering

¢ Weak preference for 
upper octant of θ23

¢ We can measure θ13 using 
NOvA only.
� Without reactor constraint

¢ Jarlskog invariant:
� J = 0: CP conserved
� J ≠ 0: CP violated
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Jarlscog invariant measurement
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Inverted Ordering NOvA Preliminary

✴ Jarlskog-Invariant is a measure of 
CP-violation independent of 
parametrization. 

✴ J=0: CP-Conservation.  
J 0: CP-Violation 

✴ CP-Conservation (J=0) within 1σ 
interval in NO, within 3σ in IO 

✴ Slight, but not significant preference 
for CP-violation. 

≠

12 / 1519 July 2023L. Kolupaeva NOvA
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Systematic Uncertainties

¢ Several systematic uncertainties were considered:

¢ We are still limited by statistics.
¢ Largest systematic uncertainties addressed by Test Beam:

Bright Future

• NOvA Test-Beam to measure detector
response.

• NOvA-T2K e↵ort to produce joint
result.

• MW-capable horn and target already
installed.

• New power record reached last month!

• Expect > 2⇥ more in both ⌫ and ⌫̄ data.
• Analysed 26e20 POT.
• 11e20 POT more collected since.
• Goal by 2027: 67–72e9 POT.

Artur Sztuc FNAL JETP 24 June 2022 44
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Future Projections

¢ NOvA is expected to run until 2026.
¢ Significance of discovering CP violation (left)
¢ Significance of resolving the mass ordering (right)
¢ Joint analysis between NOvA and T2K is underway.
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¢ Current NOvA measurements:

¢ Stay tuned for our next results with more exposure and the 
T2K/NOvA joint analysis.

¢ Thanks to the NOvA Collaboration and our funding agencies!

Summary

>266 scientists and engineers
from 49 institutions from 8 countries

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.

M. A. ACERO et al. PHYS. REV. D 106, 032004 (2022)
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<latexit sha1_base64="2jMVVarJLvnKA7n4nHljF3d3n0A="></latexit>

∆m2
32 = 2.41± 0.07× 10−3 eV2

<latexit sha1_base64="atKv4h+EmDSJt3AiJf3NGsQFXyc="></latexit>

sin2 θ23 = 0.57+0.03
−0.04

<latexit sha1_base64="XZDycFHv/ZltCXnz4m4EkM8JTPU="></latexit>

δCP = 0.82π+0.27π
−0.87π

<latexit sha1_base64="o7xuZVg5YJB3vuDNGLgvrAfRwow="></latexit>

sin2(2θ13) = 0.085+0.020
−0.016



BACK-UP SLIDES



Martin Frank University of South Alabama58Martin Frank University of South Alabama58

Live Detector Activity
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Non-Standard Interactions


