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• Physics goals
• How NOvA works
• Oscillation measurements
• Cross-section measurements
• Sterile-neutrino search
• “Exotics” (astrophysics & BSM) studies
• Test Beam program
• Joint analysis with T2K
• Summary & conclusions
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Main Goals
• NOvA: long-baseline neutrino oscillation experiment 

(Fermilab to northern Minnesota, 810 km)
• Addresses open questions:

o sign of :  Normal or Inverted Hierarchy?
o value of θ23:  Maximal Mixing (νµ/ντ symmetry)?
o does neutrino oscillation violate CP?

…via ,  disappearance & ,  appearance

• Also rich broader physics program:
- neutrino cross-section measurements
- search for sterile neutrinos
- investigation of astrophysical and BSM phenomena

Δm!
"!

νμ νμ νe νe

θ23 octant

Mass	
Hierarchy

 δCP = ?	

} Matt Strait  
WG1 talk

Leo Aliaga, Bryan Ramson 
WG2 talks, Wenjie Wu poster
Jeremy Hewes WG5 talk

also “Modeling issues in NOvA”      Greg Pawloski, joint WG1&2 talk 
and “NuMI beam modeling”             Yiding Yu poster

7 NOvA 
NuFact 
presentations:
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NOvA Layout

NuMI 
beam
(viewed @ 
14.6 mrad 
off-axis)

14 kt Far 
Detector
(on surface)

0.3 kt Near
Detector

(105 m underground)

Maximizes flux at 1.8 GeV  
oscillation peak
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• Charged particles deposit energy
→ scintillation & Cherenkov light, collected 

by wavelength-shifting fibers

• Avalanche PhotoDiode 
transduces light signal  
to electrical pulse

• Alternating horizontal & vertical 
planes of small extruded PVC 
cells filled with liquid scintillator

NOvA Detectors: Construction & Principle

- NOvA FD: world’s largest self-
supporting plastic structure?

60 m

15 m

15 m
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MW-capable target MW-capable horn

• World’s most intense accelerator neutrino beam:  
- typical proton-beam power 680 kW (with peaks > 800 kW, 

e.g., 843 kW for an hour on 15 June)
• Neutrinos/antineutrinos selected via focusing-horn  

magnetic-field direction
• +54% increase in neutrino exposure over 2019 analysis
• Upgrades in place for 1 MW, early PIP-II Booster  

improvements should allow >900 kW 
via faster cycle

NuMI Beam

 p

horn
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 Charged Current: long 
straight muon track

νμ

 Charged Current:
short fuzzy shower 

νe

Neutral Current:
Diffuse nuclear recoil

Event Topologies
• Use Machine Learning 

techniques to select and classify 
neutrino interactions: 
– convolutional neural network 

(CNN)
• Excellent cosmic-ray rejection 

using CNN and Boosted Decision 
Trees (BDTs) 

Signal for 
disappearance analysis, 

 cross-sections, etc.νμ

Signal for 
appearance analysis, 

 cross-sections, etc.νe

Background for  
3-flavor oscillation 
analysis, signal for 
sterile search, etc.
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• Geant4 simulation of beam transport
• Neutrino flux:  

- hadron production model constrained with external thin-target measurements
→~10% normalization uncertainty (MINERvA 

technique, Phys.Rev. D 94, 092005)
• Neutrino interaction model:  GENIE simulation  

tuned on NOvA ND and external data
- NOvA:  crossover region where multiple  

processes contribute
- adjust MEC & FSI (GENIE 3)

• Geant4 simulation of detector response

8

Simulation Chain

Adapted from J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84, 1307 (2012) 
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•  &  disappearance rates  
constrain , :

•  →  &  →  appearance rates  
constrain ,  & :

• Simultaneous fit to  &  appearance &  
disappearance spectra → optimal sensitivity

νμ νμ
sin2 2θ23 |Δm2

32 |

νμ νe νμ νe
sin2 θ23 Δm2

32 δCP

ν ν

Measuring Neutrino Oscillation Parameters
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Minimizing Effects of Cross-Section Uncertainty 

• Measure , , ,  energy 
spectra in FD

νμ νμ νe νe

• Large flux and cross-section 
uncertainties

νμ
FD

(ντ)
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bias caused by particles leaving the detector. Properties250

of these subsamples are summarized in Table I.251

For ⌫µ CC candidates, the position and amplitude of252

the oscillation maximum in the FD energy spectra are253

strongly dependent on �m2
32 and ✓23, respectively. To254

maximize the sensitivity to these parameters, the can-255

didates are divided into four equally populated samples256

based on the hadronic energy fraction, Efrac = Ehad/E⌫ ,257

which is correlated with energy resolution and back-258

ground contamination as summarized in Table I. Sen-259

sitivity is further increased by using variably-sized E⌫260

bins for these samples.261

IV. NEAR-TO-FAR EXTRAPOLATION262

This analysis extracts oscillation parameters using263

data-driven predictions of the FD spectra largely derived264

from high statistics measurements in the ND. The ⌫µ (⌫̄µ)265

disappearance and ⌫e (⌫̄e) appearance signal spectra in266

the FD are predicted using the spectra of ⌫µ (⌫̄µ) CC267

candidate events in the ND (Fig. 1a). The procedure be-268

gins with reweighting the simulation to obtain agreement269

with the data in each reconstructed E⌫ bin of the ND270

⌫µ (⌫̄µ) CC candidate samples. Predicted rates of NC,271

⌫e CC, and –⌫e CC interactions in the samples (<0.5%272

total) are taken directly from the simulation and sub-273

tracted. The wrong-sign component of the samples (2.9%274

and 10.5% in the neutrino and antineutrino beams re-275

spectively) is also taken directly from the simulation.276

The resulting corrected ⌫µ + –⌫µ CC reconstructed E⌫277

spectra are transformed to true E⌫ using the simulation.278

The spectra are then multiplied by the appropriate far-279

to-near ratios of the simulated samples in bins of true280

E⌫ . This step accounts for beam divergence, di↵erences281

in selection e�ciency and acceptance between the two282

detectors, and the di↵erences in the ⌫µ and ⌫e cross sec-283

tions. Oscillation probabilities are applied to yield the284

predicted disappearance or appearance signal spectra in285

true E⌫ at the FD. Matter e↵ects are included in the os-286

cillation probability calculations, with the Earth’s crust287

density assumed to be uniformly 2.84 g/cm3 [78]. Finally,288

the predicted spectra are converted back to reconstructed289

E⌫ .290

To reduce potential bias and the impact of uncertain-291

ties from the neutrino interaction model, the extrapola-292

tion to predict the disappearance and appearance signals293

is performed using variables in addition to E⌫ . As in294

the previous analysis, the extrapolation for disappear-295

ance is done separately in each reconstructed hadronic296

energy fraction range (as given in Table I), enabling neu-297

trino interaction processes that occur in di↵erent inelas-298

ticity regions to be constrained independently. In this299

analysis, the extrapolation for both disappearance and300

appearance is additionally performed separately in bins301

of reconstructed transverse momentum, pT, of the final302

state charged lepton. The smaller transverse extent of303

the ND leads to lower acceptance at higher pT in the ND304
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.

than in the FD (Fig. 2), which results in the extrapo-305

lated predictions being sensitive to the modeling of the306

pT-dependence of the neutrino interactions. Extrapolat-307

ing in bins of pT reduces this sensitivity by enabling the308

ND data to constrain the pT-dependence. In the ND309

samples, the pT bins divide each E⌫ bin into three equal310

populations for the extrapolation, and the resulting FD311

predictions are summed over the pT bins for the oscilla-312

tion fit.313

Background spectra at the FD are also predicted us-314

ing data-driven techniques. Cosmogenic backgrounds in315

both the appearance and disappearance samples are es-316

timated using FD data collected outside the NuMI beam317

time window. Beam-induced backgrounds in the appear-318

ance samples are primarily CC interactions from the ir-319

reducible ⌫e + –⌫e component of the beam, with contri-320

butions from mis-identified NC and ⌫µ + –⌫µ CC interac-321

tions. Following the procedure from Ref. [1], the FD spec-322

tra for these backgrounds are predicted using the spec-323

tra of ⌫e (⌫̄e) CC candidate events in the ND (Fig. 1b).324

Misidentified neutrino interactions in the disappearance325

samples and ⌫⌧ CC interactions in the appearance sam-326

ples are subdominant backgrounds that are taken directly327

from the simulations.328
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.
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predictions are summed over the pT bins for the oscilla-312

tion fit.313
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• Measure (high-stats) /  spectra in ND, extrapolate to FD 
- substantially cancels flux & cross-section uncertainties

νμ νμ

Minimizing Effects of Cross-Section Uncertainty 

νμ • Measure , , ,  energy 
spectra in FD

• Large flux and cross-section 
uncertainties

νμ νμ νe νe νμ

NOvA Preliminary

FD
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.
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from the simulations.328
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.
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and 10.5% in the neutrino and antineutrino beams re-275

spectively) is also taken directly from the simulation.276
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is performed using variables in addition to E⌫ . As in294
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ance is done separately in each reconstructed hadronic296
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.

than in the FD (Fig. 2), which results in the extrapo-305

lated predictions being sensitive to the modeling of the306

pT-dependence of the neutrino interactions. Extrapolat-307

ing in bins of pT reduces this sensitivity by enabling the308

ND data to constrain the pT-dependence. In the ND309

samples, the pT bins divide each E⌫ bin into three equal310

populations for the extrapolation, and the resulting FD311

predictions are summed over the pT bins for the oscilla-312

tion fit.313

Background spectra at the FD are also predicted us-314

ing data-driven techniques. Cosmogenic backgrounds in315

both the appearance and disappearance samples are es-316

timated using FD data collected outside the NuMI beam317

time window. Beam-induced backgrounds in the appear-318

ance samples are primarily CC interactions from the ir-319

reducible ⌫e + –⌫e component of the beam, with contri-320

butions from mis-identified NC and ⌫µ + –⌫µ CC interac-321

tions. Following the procedure from Ref. [1], the FD spec-322

tra for these backgrounds are predicted using the spec-323

tra of ⌫e (⌫̄e) CC candidate events in the ND (Fig. 1b).324

Misidentified neutrino interactions in the disappearance325

samples and ⌫⌧ CC interactions in the appearance sam-326

ples are subdominant backgrounds that are taken directly327

from the simulations.328

11

• Measure (high-stats) /  spectra in ND, extrapolate to FD 
- substantially cancels flux & cross-section uncertainties

νμ νμ

νμ • Measure , , ,  energy 
spectra in FD

νμ νμ νe νe νμ

• Important analysis details:
- adjust GENIE simulation to 

better match ND data
- new:  extrapolate in bins of  

and  → smaller systematics
Eν

pt,ℓ

Minimizing Effects of Cross-Section Uncertainty 

NOvA Preliminary

FD

(ντ)



9/6/2021 D. M. Kaplan   NuFact 2021   

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

Reconstructed neutrino energy (GeV)
0

5

10

15

 P
O

T
20

10×
Ev

en
ts

 / 
12

.5
0

1 2 3 4

Core only
FD data
2020 best-fit

 syst rangeσ1-
Wrong sign bkg
Total beam bkg
Cosmic bkg

NOvA Preliminary-beamν

Reconstructed neutrino energy (GeV)
0

10

20

30

 P
O

T-
eq

ui
v

20
10×

E
ve

nt
s 

/ 1
3.

60

1 2 3 4

Core only
FD data
2020 best-fit

 syst rangeσ1-
Wrong sign bkg
Total beam bkg
Cosmic bkg

NOvA Preliminary-beamν

12

Simultaneous fit to  &   
appearance & disappearance

→ best fit point:

ν ν

Oscillation Results

5

bias caused by particles leaving the detector. Properties250

of these subsamples are summarized in Table I.251
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total) are taken directly from the simulation and sub-273
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and 10.5% in the neutrino and antineutrino beams re-275

spectively) is also taken directly from the simulation.276
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FIG. 1. Reconstructed neutrino energy spectra for the (a) ND
⌫µ CC and (b) ND ⌫e CC samples with the neutrino-mode
beam on top and antineutrino-mode on the bottom [79]. The
⌫µ CC Efrac sub-samples have been combined. The ⌫e CC
low and high CNNevt sub-samples are shown. Dashed lines
in the ND ⌫e and

–⌫e spectra show the simulated counts be-
fore data-driven corrections and the colored regions show the
breakdown by interaction type.

than in the FD (Fig. 2), which results in the extrapo-305

lated predictions being sensitive to the modeling of the306

pT-dependence of the neutrino interactions. Extrapolat-307

ing in bins of pT reduces this sensitivity by enabling the308

ND data to constrain the pT-dependence. In the ND309

samples, the pT bins divide each E⌫ bin into three equal310

populations for the extrapolation, and the resulting FD311

predictions are summed over the pT bins for the oscilla-312

tion fit.313

Background spectra at the FD are also predicted us-314

ing data-driven techniques. Cosmogenic backgrounds in315

both the appearance and disappearance samples are es-316

timated using FD data collected outside the NuMI beam317

time window. Beam-induced backgrounds in the appear-318
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reducible ⌫e + –⌫e component of the beam, with contri-320

butions from mis-identified NC and ⌫µ + –⌫µ CC interac-321

tions. Following the procedure from Ref. [1], the FD spec-322
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tra of ⌫e (⌫̄e) CC candidate events in the ND (Fig. 1b).324
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samples and ⌫⌧ CC interactions in the appearance sam-326

ples are subdominant backgrounds that are taken directly327

from the simulations.328
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similarly. Feldman-Cousins’ unified approach [84, 85] is417

used to determine the confidence intervals for the oscil-418

lation parameters.419

Figure 4 shows the energy spectra of the ⌫µ CC, –⌫µ CC,420

⌫e CC, and –⌫e CC candidates recorded at the FD. The421

distributions are compared to the oscillation best-fit ex-422

pectations. Table II summarizes the total event counts423

and estimated compositions of the selected samples. The424

CC candidate event samples recorded at the FD include425
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FIG. 4. Reconstructed neutrino energy spectra for the FD (a)
⌫µ CC and (b) ⌫e CC samples with the neutrino-mode beam
on top and antineutrino-mode on the bottom [79]. The ⌫µ CC
Efrac sub-samples have been combined. The ⌫e CC low and
high CNNevt, and peripheral sub-samples are shown.

211 (105) observed ⌫µ (⌫̄µ)! ⌫µ (⌫̄µ) events and 82 (33)426

⌫µ (⌫̄µ)! ⌫e (⌫̄e) candidate events. The latter ⌫e (⌫̄e) ap-427

pearance sample has an estimated background of 26.8+1.0
�1.3428

(14.0+0.8
�1.1).429

This analysis determines a best-fit in the normal mass430

ordering and upper ✓23 octant (significance of 1.0� and431

1.2�, respectively), where �2 lnL = 173.55 for 175 de-432

grees of freedom (p-value of 0.705). The data disfavor433

combinations that lead to a strong asymmetry in the rate434

of ⌫e versus –⌫e appearance; therefore, the inverted mass435

ordering with �CP = ⇡/2 is excluded at more than 3� and436

the normal mass ordering with �CP = 3⇡/2 is disfavored437

at 2� confidence. However, owing to the degeneracies,438

the 90% confidence level allowed regions cover all values439

of �CP given permutations of mass ordering and octant.440

Thus, the current data do not exhibit a preference con-441

cerning CP conservation versus violation. Table III shows442

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

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC

–⌫µ CC
–⌫e CC

⌫µ ! ⌫µ 201.1 1.7 26.0 0.2
–⌫µ ! –⌫µ 12.6 0.0 77.2 0.2
⌫µ ! ⌫e 0.1 59.0 0.0 2.3
–⌫µ ! –⌫e 0.0 1.0 0.0 19.2
Beam ⌫e +

–⌫e 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 214.1+14.4
�14.0 59.0+2.5

�2.5 103.4+7.1
�7.0 19.2+0.6

�0.7

Background 8.2+1.9
�1.7 26.8+1.6

�1.7 2.1+0.7
�0.7 14.0+0.9

�1.0

Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

νμ

νe

νeνμ

- 82  candidates
- 33  candidates

νe
νe

- 211  candidates
- 105  candidates

νμ
νμ
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FIG. 3. Systematic uncertainties on sin2 ✓23, �m2
32, and �CP evaluated at the best-fit point. Detector calibration uncertainties,

which are less constrained by extrapolation, are dominant for all three oscillation parameters. Uncertainties for extrapolation
with (orange) and without (red) pT bins are shown for comparison. Extrapolating in pT bins reduces the total neutrino
interaction model uncertainty by 10-30% and the total systematic uncertainty by up to 9%.

similarly. Feldman-Cousins’ unified approach [84, 85] is417

used to determine the confidence intervals for the oscil-418

lation parameters.419

Figure 4 shows the energy spectra of the ⌫µ CC, –⌫µ CC,420

⌫e CC, and –⌫e CC candidates recorded at the FD. The421

distributions are compared to the oscillation best-fit ex-422

pectations. Table II summarizes the total event counts423

and estimated compositions of the selected samples. The424

CC candidate event samples recorded at the FD include425
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FIG. 4. Reconstructed neutrino energy spectra for the FD (a)
⌫µ CC and (b) ⌫e CC samples with the neutrino-mode beam
on top and antineutrino-mode on the bottom [79]. The ⌫µ CC
Efrac sub-samples have been combined. The ⌫e CC low and
high CNNevt, and peripheral sub-samples are shown.

211 (105) observed ⌫µ (⌫̄µ)! ⌫µ (⌫̄µ) events and 82 (33)426

⌫µ (⌫̄µ)! ⌫e (⌫̄e) candidate events. The latter ⌫e (⌫̄e) ap-427

pearance sample has an estimated background of 26.8+1.0
�1.3428

(14.0+0.8
�1.1).429

This analysis determines a best-fit in the normal mass430

ordering and upper ✓23 octant (significance of 1.0� and431

1.2�, respectively), where �2 lnL = 173.55 for 175 de-432

grees of freedom (p-value of 0.705). The data disfavor433

combinations that lead to a strong asymmetry in the rate434

of ⌫e versus –⌫e appearance; therefore, the inverted mass435

ordering with �CP = ⇡/2 is excluded at more than 3� and436

the normal mass ordering with �CP = 3⇡/2 is disfavored437

at 2� confidence. However, owing to the degeneracies,438

the 90% confidence level allowed regions cover all values439

of �CP given permutations of mass ordering and octant.440

Thus, the current data do not exhibit a preference con-441

cerning CP conservation versus violation. Table III shows442

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

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC

–⌫µ CC
–⌫e CC

⌫µ ! ⌫µ 201.1 1.7 26.0 0.2
–⌫µ ! –⌫µ 12.6 0.0 77.2 0.2
⌫µ ! ⌫e 0.1 59.0 0.0 2.3
–⌫µ ! –⌫e 0.0 1.0 0.0 19.2
Beam ⌫e +

–⌫e 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 214.1+14.4
�14.0 59.0+2.5

�2.5 103.4+7.1
�7.0 19.2+0.6

�0.7

Background 8.2+1.9
�1.7 26.8+1.6

�1.7 2.1+0.7
�0.7 14.0+0.9

�1.0

Best fit 222.3 85.8 105.4 33.2
Observed 211 82 105 33

 = 2.41×10-3 eV2 

 = 0.57

  = 0.82π
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• Statistical & systemic uncertainties via 
Feldman–Cousins (frequentist) 
approach

• Precision measurements:
-  = 2.41 ± 0.07 × 10–3 eV2  (3%) 
-  =   (6%)

• Best fit point: Normal Hierarchy and 
Upper Octant (θ23 > 45º) 

 

Δm2
32

sin2 θ23 0.57+0.03
−0.04

Oscillation Results
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• Constraints on :
– NH:

°  = 3π/2 disfavored at ~2σ

° at 90% confidence level, entire range of  allowed
– IH:  = π/2 disfavored at >3σ
– tension (but consistent)  

with T2K
– we see no strong  

 /  asymmetry

δCP

δCP
δCP

δCP

νe νe

14

Oscillation Results
8

TABLE III. Summary of oscillation parameter best-fit results
for di↵erent choices of the mass ordering (Normal or Inverted)
and upper or lower ✓23 octant (UO, LO), along with the sig-
nificance (in units of �) at which those combinations are dis-
favored.

Parameter
Normal ord. Inverted ord.
UO LO UO LO

�m2
32(10

�3 eV2) +2.41± 0.07 +2.39 �2.45 �2.44

sin2 ✓23 0.57+0.03
�0.04 0.46 0.56 0.46

�CP(⇡) 0.82+0.27
�0.87 0.07 1.52 1.41

Rejection significance - 1.1� 0.9� 1.1�
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FIG. 5. The 90% confidence level region for �m2
32 and

sin2 ✓23, with the NOvA allowed region and best-fit point [86]
superposed on contours from other experiments. [87–90]2.

the best-fit parameter values for each choice of ✓23 octant443

and mass ordering.444

Figure 5 compares the 90% confidence level con-445

tours for �m2
32 and sin2 ✓23 with those of other exper-446

iments [87–90]2. Allowed regions in sin2 ✓23 and �CP are447

shown in Fig. 6 and are compared with a recent best fit448

from T2K [87] 2.449

As shown in Fig. 6a, the T2K best-fit point is in the450

NO but lies in a region that NOvA disfavors. However,451

some regions of overlap remain. Figure 6b shows that for452

IO, the T2K allowed region at 90% confidence level is en-453

tirely contained within the corresponding NOvA allowed454

region. This outcome reflects in part the circumstance455

that T2K observes a relatively more pronounced asym-456

metry in ⌫e versus –⌫e oscillations.457

Although each experiment reports a mild preference458

for NO, it has been suggested that a joint fit of the two459

experiments might converge on an IO solution [93]. Some460

2 While this paper was in its final internal review, an updated anal-
ysis was published by the T2K collaboration [92]. In Ref. [92]
the dataset remains unchanged and the same approach is used.
The conclusions drawn from the comparisons of the contours re-
mains unchanged.
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FIG. 6. The 68% and 90% confidence level contours in sin2 ✓23
vs. �CP in the (a) normal mass ordering and (b) inverted mass
ordering [91]. The cross denotes the NOvA best-fit point and
colored areas depict the 90% and 68% allowed regions. Over-
laid black solid-line and dashed-line contours depict allowed
regions reported by T2K [87]2.

authors have also explored the possibility that the di↵er-461

ences in the ⌫µ ! ⌫e and
–⌫µ ! –⌫e rates seen by the exper-462

iments are explained by additional non-standard matter463

e↵ects [94, 95].464

In conclusion, we have presented improved measure-465

ments of oscillation parameters �m2
32, sin

2 ✓23, and �CP,466

including an expanded data set and enhanced analysis467

techniques with respect to previous publications. These468

measurements continue to favor the normal mass order-469

ing and upper octant of sin2 ✓23, as well as values of the470

oscillation parameters that do not lead to a large asym-471

metry in ⌫µ ! ⌫e and –⌫µ ! –⌫e oscillation rates.472
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• Expect to run through 2026, accumulating > 6 × 1021 protons on target (POT)
• Could reach ≥ 4σ sensitivity to Mass Hierarchy, > 3σ for 30–50% of  values 

• Probe the majority of  values at ≥ 2σ level
δCP

δCP

Future Oscillation Reach
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• Leading systematic:  detector calibration uncertainty

• Subleading:  neutron calibration uncertainty 
                                         or  
                        neutrino interaction model  
                                         or  
                  lepton reconstruction uncertainty

16

Oscillation Parameter Uncertainties

} Depending on 
parameter being 
measured
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• Neutrino interaction model: an important oscillation systematic
⇒ worth measuring neutrino scattering cross sections ourselves  

& valuable for future experiments (e.g., DUNE)
• Also valuable in itself: probe of interesting strong-interaction dynamics
• NOvA ND provides high-statistics neutrino-interaction samples

- can make new, improved cross-section measurements
• Published so far:  

- Measurement of neutrino-induced neutral-current coherent π0 production in the NOvA near detector, Phys. Rev. 
D 102 (2020) 012004

• Cross-section analyses (in progress) reported at this Workshop:
- ( )

µ and ( )
e charged-current (CC) inclusive cross sections

-  CC with low hadronic activity (“MEC-enhanced”)
-  and  scattering with final-state EM showers
-  + e elastic scattering

ν ν
νμ
ν ν
ν

17

Neutrino Scattering & Oscillation
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• Already (or soon to be) published in journals:
- Extended search for supernova-like neutrinos in NOvA coincident with LIGO/Virgo detections, accepted by 

Phys. Rev. D, 2106.06035 

- Seasonal variation of multiple-muon cosmic ray air showers observed in the NOvA detector on the surface, 
Phys. Rev. D 104 (2021) 012014

- Search for slow magnetic monopoles with the NOvA detector on the surface, Phys. Rev. D 103 (2021) 
012007

- Supernova neutrino detection in NOvA, JCAP 10 (2020) 014
- Search for multimessenger signals in NOvA coincident with LIGO/Virgo detections, Phys. Rev. D 101 

(2020) 112006

• Searches/studies in progress: 
- neutrino magnetic moment
- magnetic monopoles
- dark matter
- nn̅ oscillations

18

Studies of/Searches for Astro or BSM Phenomena
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Sterile Neutrino Search 4

lepton exiting the vertex and typically consist of di↵use
hadronic activity resulting from energy and momentum
transfer from the antineutrino to the nucleus. Interac-
tions are identified by requiring a level of activity consis-
tent with these topologies and rejecting CC events with
obvious antimuon tracks or positron showers. The NOvA
detectors are well-suited to identify NC interactions since
the fine granularity results in the hadronic interaction
length of 38 cm extending to around 10 cells. This en-
ables a good distinction between ⇡0s and positrons, im-
portant in selecting NC events containing hadronic ac-
tivity and rejecting ⌫̄e CC interactions.

The selection was developed on simulated interactions
and tested on the ND data, with identical requirements
applied to each. The FD has far less overburden than
the ND and is exposed to a much higher rate of cosmic-
induced interactions; supplementary criteria are there-
fore applied to FD data to remove the cosmogenic back-
grounds. The selection applied in this study, outlined be-
low, is based on the previous neutrino analysis described
in [29].

Hits, cells with activity above threshold, are grouped
based on their proximity in space and time to form neu-
trino events candidates. An event vertex is then recon-
structed from these hit collections by projecting back to a
common start point. Events are required to have a vertex
and be fully contained in the detector. This containment
requirement stipulates no activity within an outer volume
defined for the ND as 25 cm from all sides and for the FD
as 100 cm from the top of the detector, 10 cm from the
bottom and 50 cm from each of the other sides. Back-
grounds arising from neutrino interactions in the mate-
rial surrounding the ND and resulting in particles, such
as neutrons, entering and interacting in the detector are
removed by requiring the reconstructed vertex be greater
than 100 cm from the side walls and between 150 cm and
1000 cm from the upstream face of the detector.

The primary event classification is provided by a
NOvA-custom Convolutional Neural Network (CNN) [43]
which identifies interaction topologies from images of the
two orthogonal detector views. It is trained separately
on simulated FD neutrino- and antineutrino-dominated
beam events and cosmic-ray data, and distinguishes the

final-state topologies between
(�)

⌫ µ CC,
(�)

⌫ e CC,
(�)

⌫ ⌧ CC,
NC, and cosmic-induced events. The network learns to
extract the characteristic features of the events described
above, for example, identifying interactions with charged
leptons exiting the vertex as CC, and does not distinguish
between interactions from neutrinos and antineutrinos.
The separation provided by the CNN for NC events is
shown in Fig. 1, and a cut at 0.23 is applied to select
events in both detectors. The peak of background events
close to 1 is comprised primarily of high energy deep in-
elastic scattering interactions, or low energy events with
minimal detector activity, neither with an obvious lep-
ton to identify. Interactions occurring in the surround-
ing rock and subsequently entering the ND are removed
by requiring the fractional component of the event mo-
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FIG. 1: The CNN likelihood output for neutral-current
events used to distinguish between various interaction
topologies applied to ND simulation and data. The
signal and the dominant predicted background from CC
beam interactions are shown. The red arrow indicates
the selected events.

mentum which is transverse to the beam direction to be
less than 80%. At the FD, similar criteria requiring this
to be less than 40% for showers with a vertex within
2.4m from the top of the detector and less than 20% for
a vertex inside 2m are used to remove cosmic-induced
interactions. For the FD, candidate antineutrino events
must not have significant additional activity within 5m
and 50 ns of the final state particles. Events with ac-
tivity within 200 cm from the end of the detector must
have a su�cient number of downstream planes with hits,
compared to the front planes, to ensure showering parti-
cles are in the forward direction. A boosted decision tree
that considers multiple shower properties is used to fur-
ther remove cosmic-induced interactions at the FD [44].
Following the application of the full selection, the cos-
mic background is reduced by over six orders of mag-
nitude. The resulting NC sample in the FD simulation
is 78% pure. Two-thirds of the remaining backgrounds
result from CC interactions where most of the energy is
transferred to the hadronic system, and the rest originate
from cosmic-induced interactions. The resulting sample
is composed of 79% ⌫̄ and 21% ⌫ events in the 0-5 GeV
peak flux region.
The antineutrino-candidate energy is estimated for NC

events by summing the calibrated energy deposited in the
interaction and applying a linear scaling from simulation
to correct for the unseen outgoing energy. The final re-
constructed energy has a resolution of around 30%.
The spectrum of selected NC-candidate events at the

ND is shown in Fig. 2. The predicted spectrum at the FD
is produced following a data-driven approach in which the
ND data are used to constrain the simulation before prop-
agating the resulting distribution to the FD [45]. This
procedure uses the simulated ratio between the spectra

6

TABLE I: The e↵ect of the systematic uncertainties on
the NC and CC expected event rates. The total is the
sum of the absolute individual uncertainties.

NC signal CC background
Uncertainty di↵erence (%) di↵erence (%)
Calibration 13.8 9.1
Detector Response 4.9 3.8
Neutrino
Interactions

4.1 10.8

Beam 1.7 1.3
Neutron Response 0.5 0.2
Tau Cross-Section - 7.6

Total 15.3 16.5

TABLE II: Predicted number of events selected as NC
candidates at the Far Detector using the data-driven
procedure described in the text.

NC signal 96± 15
⌫µ CC background 12± 2
⌫e CC background 4± 1
⌫⌧ CC background 2± 0
Cosmic background 9± 0
Total 122± 15

of energies.
To provide a model-independent metric of agreement

with an expectation assuming oscillations between only
the three active antineutrino species, the R-ratio [51]

RNC ⌘ N �
P

Pbkg

PNC
(3)

is used to compare the number of data events, N , with
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FIG. 3: The reconstructed energy deposited in
NC-candidate events in the FD. The observed data
spectrum is shown along with the total prediction
assuming standard 3-flavor oscillations. The
contribution from the main backgrounds is also shown.

the predicted number of signal and background events,
PNC and Pbkg respectively. This is equal to unity in
the case of no NC-disappearance. The obtained value of
0.99 ± 0.12(stat.)+0.14

�0.16(syst.) is consistent with no oscil-
lations involving a sterile antineutrino.
Rate and shape-based fits are performed on the spec-

trum in Fig. 3 to limit the allowed values of the parame-
ters governing sterile oscillations in the 3+1 framework.
The metric

�2 =
X

i

2

✓
Pi �Ni +Ni ln

Ni

Pi

◆
+
X

j

✓
�Uj

�j

◆2

(4)

is minimized, varying the number of events, Pi, predicted
in each FD bin, i, and constraining the agreement with
data, Ni, using Gaussian-distributed penalty terms, Uj ,
for each systematic uncertainty j, each with width �j .
The mixing angle ✓14 and the corresponding phase �14
are set to zero, consistent with results from solar and re-
actor experiments [24] and unitarity considerations [52],
and the �24 CP-violating phase was included as a nui-
sance parameter in the fit, allowed to float freely with-
out penalty. The �24 parameter weakens the limit for
large values of both ✓24 and ✓34 but does not significantly
impact the individual limits. The fit is performed at
�m2

41 = 0.5 eV2 but the result is valid for the full range
0.05 eV2  �m2

41  0.5 eV2. Confidence limits are com-
puted using the unified approach of Feldman-Cousins [53]
and are shown in Fig. 4.
Profiling over each sterile mixing angle in turn provides

limits of ✓24 < 25� and ✓34 < 32� at 90%C.L. Table III
shows these constraints, together with the inferred ma-
trix element values, alongside results from other experi-
ments. This result is compatible with world limits from
analyses reporting no evidence of sterile neutrino oscilla-
tions, shown in Fig. 4, and is the first from an analysis
of antineutrinos over a long-baseline.
To conclude, 121 neutral-current candidates are ob-

served at the Far Detector compared with 122 ±
11(stat.) ± 15(syst.) events predicted assuming mix-
ing only occurs between active species. This is the
first accelerator-based search for oscillations into ster-
ile neutrinos over long-baselines using an antineutrino-
dominated beam, and no evidence of a depletion of the
active flavors is observed. The measurement reported in
this Letter enhances the understanding of antineutrino
oscillations in the context of sterile neutrino anomalies.
Looking forward, NOvA plans to increase its antineu-
trino dataset by a factor of around 2.5, complementing
a comparable neutrino sample, which will facilitate im-
proved sterile neutrino searches and enable more precise
measurements of the governing parameters.
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• Search for sterile-active mixing in 12.51 × 1020 POT  
antineutrino sample obtained June 2016 – Feb 2019
- LSND and MiniBooNE saw effects in antineutrinos

• Analysis looks for NC disappearance from ND to FD
• 1st result using long-baseline accelerator antineutrinos

- 121 NC events observed, 122 ± 11 ± 15 expected
⇒90% CL limits: θ24 < 25° and θ34 < 32° in 3+1 model  

(0.05eV2  ≤   ≤ 0.5 eV2)

° this analysis insensitive to larger   
(oscillations would occur within ND)

• Submitted for publication: arXiv:2106.04673 

Δm2
41

Δm2
41



9/6/2021 D. M. Kaplan   NuFact 2021   

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

• Detector calibration:  leading uncertainty in NOvA
- important to reduce it as statistical errors shrink

• This motivates NOvA Test Beam program

- mini-NOvA detector illuminated by narrow-band, particle-identified, momentum-
analyzed charged-particle beamFan Gao (University of Pittsburgh, NOvA) New Perspectives 2021 (August 19, 2021)16

Looking Ahead
• NOvA is expected to run through 2026, to reach ~50% neutrino and ~50% antineutrino data 

with a projected total exposure 60-70  1020 POT.


• With full dataset and upgraded beam, we predict: 

   — 3  hierarchy sensitivity for 30-50% of  values.

   — 5  hierarchy sensitivity in the most favorable case.

   — ~2  sensitivity of CP violation.


• Plan to use results of our test beam experiment to address some of the largest systematic 
uncertainties in NOvA.


×

σ δ
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20

Test Beam Program
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• Data accumulated so far:  thousands of identified electrons, protons, pions

• More running planned in next FNAL run cycle

• Planning possible DT (14 MeV) neutron-generator calibration as well

21

Test Beam Program
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• Two most precise long-baseline oscillation measurements are NOvA’s & T2K’s
- as we’ve seen, in some tension

• Desirable to perform joint fit
- somewhat challenging due to differing approaches and models used 

∘ frequentist vs. Bayesian, GENIE vs. NEUT, etc…
• Joint NOvA–T2K working group analysis in progress

- aiming for result in 2021–22

22

NOvA–T2K Joint Analysis
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• Updated oscillation results:
- among world’s most precise measurements of:
∘  = (2.41 ± 0.07) × 10–3 eV2 
∘  = 

- exclude IH  = π/2 at > 3σ and NH  = 3π/2 at 2σ

• Cross-section measurements
• Searches for/investigations of astro phenomena:  monopoles, neutrinos in 

coincidence with gravitational-wave events, multi-muon cosmic-ray events,…
• 1st long-baseline accelerator antineutrino sterile neutrino limits
• Test Beam in progress to improve calibration systematics
• See WG1, 2, and 5 NOvA talks and posters for more details

Δm2
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sin2 θ23 0.57+0.03
−0.04

δCP δCP

Summary
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Questions?


