
Steven Gardiner
53rd Annual Users Meeting
10–14 August 2020
Fermi National Accelerator Laboratory

Neutrino cross-section measurements at Fermilab



Outline
• Cross section needs for the neutrino 

oscillations program


• Recent highlights (incomplete!) from several 
experiments:


- NOvA


- MicroBooNE


- MINERvA


- ANNIE


- ArgoNeuT


• Electrons for neutrinos ( )e4ν
2



Challenges in neutrino-nucleus cross section modeling
• Experiments need cross section 

models that predict


- All final-state observables for


- All important processes for


- Many nuclear targets 
including inactive detector 
components and the 
surroundings 
(“dirt backgrounds”)


- Over a neutrino energy range 
spanning orders of magnitude


• Uncertainties must be well 
controlled for precision 
oscillation measurements


• Theory is highly challenging


• Cross section measurements 
essential to benchmark theory 
and help make it better 3

Two-particle two-hole 
(2p2h) interactions

Final-state interactions (FSIs)

Also referred to as MEC 
(for Meson Exchange Current)

Nucleon-level processes

Nuclear effects



Neutrino event generators

• Implement neutrino scattering theory for 
simulations by experiments

- Full predictions for all relevant neutrino 

energies, reactions, and nuclei 

• Several modern generators are widely 
used: GENIE, GiBUU, NEUT, NuWro 

• GENIE especially popular at Fermilab

- Employees and users actively 

contribute to its development

- Backup: Preview of GENIE v3.2
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http://old.inspirehep.net/record/1672901
http://old.inspirehep.net/record/1672901


Wavelength shifting 
fibers read out by a 
single pixel on an 
avalanche photodiode

Alternating planes 
allow for 3D imaging

The NOvA experiment

Beam

•Long-baseline neutrino oscillation 
experiment (see earlier talk by S. 
Calvez)


•300-ton near detector 

-Tracking calorimeter built using 
plastic cells filled with liquid 
scintillator


-1 km from NuMI target


-Enables high-statistics cross 
section measurements


•This talk: CC inclusive analyses


•See also NC COH π0 paper 
Phys. Rev. D 102, 012004 (2020)
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Beam
Muon

Catcher

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004


NOvA: CC inclusive measurements
•Two double-differential CC inclusive results 

(lepton energy & angle)


-vℓ + A → ℓ + X


-Particle ID via Boosted Decision Trees (BDTs) 

•vμ: 172 bins, 1M+ selected events


-HPC @ NERSC for systematics


-J. Paley, JETP seminar, 31 July 2020 

•ve: 17 bins, ~10K selected events


-First ever 2D result for ve


-M. Judah, JETP seminar, 7 August 2020
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vμ CC 
inclusive 
results

Measurements shown 
in “cosine slices”
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(p-value = 0.93)
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vμ CC 
inclusive 
results

Measurements shown 
in “cosine slices”

8

0.5 1 1.5 2 2.5
 (GeV)µT

0

5

10

15

20

25

30
)

39
 1

0
×

 / 
G

eV
 / 

nu
cl

eo
n 

2
 (c

m
µ

 d
 T

µθ
d 

co
s
σ 2 d

NOvA Preliminary
 0.85≤ µθ0.80 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

2

4

6

8

10

12

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.56≤ µθ0.50 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

5

10

15

20

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.80≤ µθ0.74 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

10

20

30

40

50

60

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.94≤ µθ0.91 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

2

4

6

8

10

12

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.62≤ µθ0.56 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

5

10

15)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.68≤ µθ0.62 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

10

20

30

40

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.88≤ µθ0.85 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

20

40

60

80)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.98≤ µθ0.96 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

5

10

15

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.74≤ µθ0.68 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

10

20

30

40

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.91≤ µθ0.88 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

20

40

60

80

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.99≤ µθ0.98 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

20

40

60

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 1.00≤ µθ0.99 < cos

0.5 1 1.5 2 2.5
 (GeV)µT

0

20

40

60

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.96≤ µθ0.94 < cos

θ θ θ θ

θ θ θ θ

θ θ θ θ

Data (Stat. + Syst.)
GENIE 2.12.2 - NOvA Tune

θ

0.5 1 1.5 2 2.5
 (GeV)µT

0

2

4

6

8

10

12

)
39

 1
0

×
 / 

G
eV

 / 
nu

cl
eo

n 
2

 (c
m

µ
 d

 T
µθ

d 
co

s
σ 2 d

NOvA Preliminary
 0.62≤ µθ0.56 < cos

θ

Good overall 
agreement with tuned 

prediction 
(p-value = 0.93)

8



vμ CC inclusive results
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• For small angles (low Q2), untuned 
model over-predicts data


- QE- and 2p2h-dominated, sensitive 
to nuclear effects

• “Out-of-the-box” generator predictions 
all describe the shape of the data well


• Normalization of GiBUU is low

Generator Total p-value
GENIE 2.12.2 - Tuned 0.93

GENIE 2.12.2 - Untuned 0.24
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vμ CC inclusive results

• For small angles (low Q2), untuned 
model over-predicts data


- QE- and 2p2h-dominated, sensitive 
to nuclear effects

Data (Stat. + Syst.)
GENIE 2.12.2 - NOvA Tune
GENIE 2.12.2 - Untuned

Data (Stat. + Syst.)
GENIE 3.00.06
GiBUU 2019
NEUT 5.4.0
NuWro 2019

• “Out-of-the-box” generator predictions 
all describe the shape of the data well


• Normalization of GiBUU is low

Generator Total p-value
GENIE 2.12.2 - Tuned 0.93

GENIE 2.12.2 - Untuned 0.24
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• For small angles (low Q2), untuned 
model over-predicts data


- QE- and 2p2h-dominated, sensitive 
to nuclear effects

Data (Stat. + Syst.)
GENIE 2.12.2 - NOvA Tune
GENIE 2.12.2 - Untuned

Generator Total p-value
GENIE 2.12.2 - Tuned 0.93

GENIE 2.12.2 - Untuned 0.24

vμ CC inclusive results



ve CC inclusive
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Measurements shown 
in “cosine slices”

Data (Stat. + Syst.)
GENIE 2.12.2 - NOvA Tune
GENIE 2.12.2 - Untuned
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Good agreement with 
tuned/untuned 
GENIE v2 predictions 
for all angles studied



ve CC inclusive

13

Data (Stat. + Syst.)
GENIE 3.00.06
GiBUU 2019
NEUT 5.4.0
NuWro 2019

Measurements shown 
in “cosine slices”
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Good agreement with 
out-of-the-box predictions 
from multiple generators



The MicroBooNE experiment
• Liquid argon time projection chamber (LArTPC) in the 

Booster Neutrino Beam

- 60-ton fiducial mass


• Largest sample of v-Ar interactions collected to date

• Primary physics goals


- Investigate low-energy excess (LEE) of electron-like 
events seen by MiniBooNE


- Pursue first high-statistics measurements of neutrino-
argon cross sections (several recent publications) 

• This talk: CC inclusive, CCQE-like, NC1p

• Other recent results


- Track multiplicity: Eur. Phys. J. C 79, 248 (2019)

- vμ CC π0: Phys. Rev. D 99, 091102(R) (2019)

14

https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
http://www.apple.com
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
http://www.apple.com


MicroBooNE: vμ CC inclusive analysis
• First double-differential measurement for vμ 

CC in argon: Phys. Rev. Lett. 123, 131801 
(2019)


• Surface detector → often 20+ cosmic rays / 
event


- 4.8 ms TPC readout window


- Variety of techniques used to achieve 
99.9% cosmic rejection


• All models overpredict in high-momentum, 
forward-going bins


- GENIE v2 disfavored compared to other 
generators


- Backup: Improved measurement underway 
with drastically reduced systematic 
uncertainties 15

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801


MicroBooNE CCQE-like cross section
• Recently submitted to PRL arXiv:2006.00108

• Signal definition: “CC1p0π”


- 1 muon (pμ > 100 MeV/c)

- 1 proton (pp > 300 MeV/c)

- Cuts to enhance CCQE contribution


• Purity: ~84% CC1p0π (~81% CCQE)

• Efficiency: ~20%

• Single-differential results obtained for several 

kinematic variables

- Backup: plots for pμ, pp, cos θp


• Good agreement with generators, except at 
very forward muon scattering angles (low Q2)
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arXiv:2006.00108 [hep-ex]

"GENIE Nominal” is the default 
configuration of GENIE v2.12.2, 
which was used in the analysis

https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108
https://arxiv.org/abs/2006.00108


MICROBOONE-NOTE-1067-PUB

MicroBooNE NC1p cross section

 

• Signal definition:

- 1 proton (pp > 200 MeV/c)

- No other detected particles

- Main component is NC elastic 

scattering (NCEL)

• Single-differential cross section 

extracted in terms of reconstructed 
proton kinetic energy

- Includes events down to 

Q2 ~ 2mpTp = 0.1 GeV2, 
significantly lower than 
previous measurements


• Future development toward an 
NCEL-like cross section 17

NC1p candidate event

https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf


The MINERvA experiment
• Dedicated specifically to studying 

neutrino cross sections

- 6 new papers since last Users 

Meeting 
• Last data collected in February 2019. 

Analyses continue.

• Operated in the NuMI beam line in two 

modes

- Low Energy (LE) → 2005–2012

- Medium Energy (ME) → 2013–2019


• Segmented “active tracker” (CH 
scintillator) and passive nuclear targets 
(He, C, H2O, Fe, and Pb)

- Study A-dependence of cross 

sections


• This talk: - , CCQE-like, and neutron 
measurements

ν e−
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Recent cross section results from MINERvA:

 CC inclusive: Phys. Rev. D 101, 11 (2020)

 CC : arXiv:2002.05812 (submitted for publication)

 CCQE-like: Phys. Rev. Lett. 124, 121801 (2020)


BE & transverse momentum imbalance: Phys. Rev. D 101, 092001 (2020)

Flux constraint via v-e scattering: Phys. Rev. D 100, 092001 (2019)


 CC : Phys. Rev. D 100, 052008 (2019)

See https://minerva.fnal.gov/recent-minerva-results for many more!

νμ
νμ π0

νμ

ν̄μ π−

https://arxiv.org/abs/2002.12496
https://arxiv.org/abs/2002.05812
https://arxiv.org/abs/1912.09890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092001
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.100.092001&v=30fd7edb
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://minerva.fnal.gov/recent-minerva-results
https://arxiv.org/abs/2002.12496
https://arxiv.org/abs/2002.05812
https://arxiv.org/abs/1912.09890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092001
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.100.092001&v=30fd7edb
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://minerva.fnal.gov/recent-minerva-results


The MINERvA experiment
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• Dedicated specifically to studying 
neutrino cross sections

- 6 new papers since last Users 

Meeting 
• Last data collected in February 2019. 

Analyses continue.

• Operated in the NuMI beam line in two 

modes

- Low Energy (LE) → 2005–2012

- Medium Energy (ME) → 2013–2019


• Segmented “active tracker” (CH 
scintillator) and passive nuclear targets 
(He, C, H2O, Fe, and Pb)

- Study A-dependence of cross 

sections


• This talk: - , CCQE-like, and neutron 
measurements

ν e−



MINERvA -  analysis: in situ flux constraintν e−

• Neutrino flux predictions typically good to 
~10%, key input for oscillation analyses


•  -  cross section small but well-known


- “Standard candle”

- Technique demonstrated by MINERvA for 

LE data in 2016 (Phys. Rev. D 93, 112007)

• New ME analysis has higher statistics (9×) 

and an improved treatment of systematic 
uncertainties


• Event rate in reconstructed Ee compared to a 
priori prediction


• Bayes’ theorem used to constrain the flux 
model given the observed data


• Improved precision will benefit all MINERvA 
ME analyses

- Strategy can be applied to other 

experiments

ν e−

20

 

“Simulation” shows predicted 
events given a priori flux

Phys. Rev. D 100, 092001 (2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112007
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001


MINERvA vμ CCQE-like cross section
• First ME cross section publication 

Phys. Rev. Lett. 124, 121801 (2020)


- Uses -  result to reduce flux 
systematic uncertainties


• Signal definition: 1 muon, 0 mesons, 
0 heavy baryons, and any number of 
nucleons

- Note that this definition of 

“CCQE-like” is different from 
MicroBooNE’s (CC1p0π)


• Data compared to generator 
predictions, including special GENIE 
v2.12.6 tunes by MINERvA

- MnvGENIE v1: RPA corrections 

to CCQE + add 2p2h + adjust 
non-resonant π production

ν e−

21

𝛘2 MnvGENIE v1: 1194/184 bins

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801


MINERvA vμ CCQE-like cross section

22

 

Underprediction of the cross section for high pT 
and both 3 < p‖/GeV < 5 and 9 < p‖/GeV < 20. 

Tuning of QE contribution needed?


Backup: 1D  measurementdσ/dQ2
QE

𝛘2 MnvGENIE v1: 1194/184 bins• First ME cross section publication 
Phys. Rev. Lett. 124, 121801 (2020)


- Uses -  result to reduce flux 
systematic uncertainties


• Signal definition: 1 muon, 0 mesons, 
0 heavy baryons, and any number of 
nucleons

- Note that this definition of 

“CCQE-like” is different from 
MicroBooNE’s (CC1p0π)


• Data compared to generator 
predictions, including special GENIE 
v2.12.6 tunes by MINERvA

- MnvGENIE v1: RPA corrections 

to CCQE + add 2p2h + adjust 
non-resonant π production

ν e−

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.121801


Triple-differential vμ CCQE-like cross section

23

• Extend analysis to 3D 

- Correlate Σ  Tp with muon 
kinematics


- Very sensitive to nuclear effects!


• Reveals need for substantial model 
improvements


- Combination of FSIs & 
2p2h+RES strength  

pTpTpT

pTpTpT

MINERvA Preliminary

v1

D. Ruterbories, JETP Seminar, 25 October 2019

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf


Triple-differential vμ CCQE-like cross section
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• Extend analysis to 3D 

- Correlate Σ  Tp with muon 
kinematics


- Very sensitive to nuclear effects!


• Reveals need for substantial model 
improvements


- Combination of FSIs & 
2p2h+RES strength


• Data/MC ratio is mostly consistent 
across p‖ bins → good modeling 
of energy dependence


- An exception is low pT

D. Ruterbories, JETP Seminar, 25 October 2019

pT

pT pT pT

pT pT

MINERvA Preliminary

v1



Neutrino-induced neutrons in MINERvA
• Neutron multiplicities and kinematic 

distributions are difficult to predict

- Substantial differences between 

generators

- Modeling of secondary neutron 

production also needed (Geant4)


• LE analysis:  CC in CH active tracker


- Phys. Rev. D 100, 052002 (2019) 
- Multiplicity, time-of-flight, position, 

speed (1/β), Edep

- Detection via p recoils, inelastic n-C 

scatters 
(p, γ, fragments) → ~10 MeV kinetic 
energy threshold


• ME analysis in progress

- More efficient, 7.5× more data!

- Data for multiple targets

ν̄μ
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3 GeV  on CH

q3 < 0.8 GeV

KEn > 2 MeV

ν̄μ

MINERvA simulation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001


Neutrino-induced neutrons in MINERvA
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CH Tracker

Passive Carbon Target Passive Lead Target

Passive Iron Target

A. Olivier, New Perspectives 2020

• Neutron multiplicities and kinematic 
distributions are difficult to predict

- Substantial differences between 

generators

- Modeling of secondary neutron 

production also needed (Geant4)


• LE analysis:  CC in CH active tracker


- Phys. Rev. D 100, 052002 (2019) 
- Multiplicity, time-of-flight, position, 

speed (1/β), Edep

- Detection via p recoils, inelastic n-C 

scatters 
(p, γ, fragments) → ~10 MeV kinetic 
energy threshold


• ME analysis in progress

- More efficient, 7.5× more data!

- Data for multiple targets

ν̄μ

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.fnal.gov/event/23110/contributions/190690/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002


Gd-loading allows neutron tagging 
with high efficiency 

Capture cross section: 5×104 barn 
Total energy in γ-rays: ~8 MeV

The ANNIE experiment
• Water Cherenkov detector 

installed in the Booster Neutrino 
Beam (~100 m from target)

- 26 tons of Gd-loaded water


• Physics mission: measure 
neutrino-induced neutron yields 
as a function of outgoing lepton 
kinematics


• Capture-based strategy 
(no threshold)

- Complementary to MINERvA 

measurements based on 
neutron scattering

27

 

 

 

photosensors

Gd-loaded 
water 

Front Veto

electronics

Muon 
Range 

Detector 
(MRD)

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.fnal.gov/event/23110/contributions/190690/


ANNIE status: neutrinos
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•Physics-quality data taking 
expected to start this Fall

•First beam neutrinos seen: 

elevated tank activity during 
1.6 μsec beam spill

•70 μsec readout window 

spans multiple capture times
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to beam spills



ANNIE status: neutrons
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• AmBe source calibrations have 
now been performed

- Determine efficiency for tagging 

neutron captures

- Source data consistent with 

expected capture time 
distribution


• ANNIE can see neutrons! 
• Beam-correlated neutron 

backgrounds previously found to 
be manageable in ANNIE Phase-I

- JINST 15 (2020) 03, P03011

ANNIE - The Accelerator Neutrino Neutron Interaction Experiment
Leon Pickard1 and Mayly Sanchez2 on behalf of the ANNIE collaboration

1 UC Davis - ljpickard@ucdavis.edu, 2 Iowa State University - mayly.sanchez@iastate.edu

Goal: To measure the final-state neutron multiplicity in neutrino-nucleus interactions whilst simultaneously pioneering the use of 
advanced photosensors and provide a testbed for the next generation of neutrino experiments.   

1. Introduction
• The complex nature of neutrino-nucleon interactions 

makes them challenging to model. 
• ANNIE will measure the neutron multiplicity as a function 

of momentum transfer for νµ interactions. 
• ANNIE will achieve such with the use of Large-Area 

Picosecond PhotoDetectors (LAPPDs) - next-generation 
photosensors with sub-cm spacial and ~60ps temporal 
resolution. 

• ANNIE could provide a world-leading experimental 
testbed for future novel technologies such as Water-
based Liquid Scintillator (WbLS).

5. Conclusions
• ANNIE will measure the neutron multiplicity of neutrino-nucleon interactions - vital for the next generation of neutrino experiments. 
• The detector is now operational and has demonstrated the ability to detect both the prompt Cherenkov signal and delayed 

neutron signal of neutrino-nucleon interactions.

2. ANNIE Design and Methodology
• ANNIE consists of a 3m diameter 

and 4m tall cylindrical tank filled 
with 26 tonnes of gadolinium-
doped deionised water. 

• Gadolinium, with its huge 
neutron capture cross-section, 
enables neutrons to be detected 
efficiently. 

• Located in the Booster Neutrino 
Beam  (BNB) at Fermilab. 

• This will produce ~26,000 
charged-current νµ interactions 
in the fiducial volume per year. 

• The water volume is 
instrumented with 132 PMTs, 
with 5 LAPPDs to be installed 
imminently.

LAPPDs

Muon 
Range 

Detector 
(MRD)

Electroni
c racksFront muon 

veto (FMV)

Gd-loaded 
water 

volume

PMTs

νµ beam

Prompt Cherenkov 
light from muon.

BNB beam

Gadolinium 
captures the 
thermal neutron, 
de-excites, and 
emits an ~8MeV 
delayed gamma 
cascade.

!µ Nucleus

n

γGd

γ

γ

Cherenkov 
Light

Neutron thermalises 
then captures on a 
~30µs timescale

µ-

• The MRD consists of 11 layers of scintillator sandwiched 
between 11 layers of iron to reconstruct the energy and 
momentum of outgoing muons. 

• The FMV has 2 layers of scintillator paddles and vetos 
upstream neutrino interactions.

3. Neutron capture calibration results
• To probe the neutrino-

nucleon interactions we 
need to reconstruct 
final-state muons and 
have a high neutron 
capture detection 
efficiency. 

• A tagged AmBe source 
has been built and 
deployed.

A. 241Am decays to 237Np via alpha emission (half-life = 432.2 yr).
B. 9Be can capture the emitted alpha to produce 12C* and a neutron. 12C* produces a prompt 

4.44MeV gamma.
C. 4.44 MeV gamma can Compton scatter in the BGO crystal - this gives us a trigger seen 

by the SiPMs.
D. Neutron thermalises in ANNIE and is captured on Gd.

Stainless steel
BGO crystal

Acrylic
Gamma
Neutron
Alpha
SiPMs
241Am decay
9Be capture
Compton scatter
Neutron capture

A B C D

AmBe calibration source methodology

Reconstructed neutron capture candidates with and 
without AmBe source deployed

4. Beam data and LAPPD performance
• ANNIE has detected its 

first neutrino 
interactions. 

• In addition to the ability to 
detect the delayed neutron 
capture, reconstruction 
of the interaction vertex 
is under development. 

• LAPPDs to be installed in 
October 2020 - the first 
use of such in a working 
neutrino experiment.

Activity in the tank and MRD

Muon track 
in the MRD

Cherenkov disk 
produced by muon 

exiting the tank

LAPPD undergoing testing prior 
to tank installation Homogeneous LAPPD quantum 

efficiency as a function of position

Pico-second 
level LAPPD 

timing 
resolution has 
been achieved
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ANNIE preliminary
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The ArgoNeuT experiment
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• Small LArTPC (40×47×90 cm3) 
that operated in the NuMI 
beam line from 2009–2010


• Many pioneering 
measurements


• Placed in front of MINOS near 
detector

- Tracking muon spectrometer

ve CC candidate event display

Phys. Rev. D 102, 011101(R) (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101


ArgoNeuT  +  CC inclusive analysisνe ν̄e
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• First measurement of this cross 
section on argon 
Phys. Rev. D 102, 011101(R) (2020) 

• 13 events identified using fully 
automated selection & reconstruction 

•Good agreement with GENIE 

•Backup: Demonstration of MeV-scale 
reconstruction in a LArTPC 
Phys. Rev. D 99, 012002 (2019) 

ve CC candidate event display

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002


Electrons for Neutrinos ( 4 )e ν
• Electron-nucleus scattering shares many 

similarities to the neutrino case

• Projectile energy precisely known


- Test energy reconstruction techniques


• The 4  collaboration works to improve 
neutrino generators by

- Benchmarking predictions against 

electron scattering data


- Improving quality & consistency of  
modeling


- Pursuing new measurements

• Similar studies carried out for GENIE v2 by 

Ankowski & Friedland (arXiv:2006.11944)

• Related measurements also proposed for 

LDMX by Ankowski et al. (Phys. Rev. D 101, 
053004)

e ν

e−/ν

v3.0.6 tune G18_10a_02_11a

A. Ashkenazi, Neutrino 2020

LDMX can probe 
kinematic regions 

(  on the plot) 
of high importance for 

DUNE

θe < 40∘

Phys. Rev. D 101, 053004

2p2h

2p2h
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https://arxiv.org/abs/2006.11944
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://arxiv.org/abs/2006.11944
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://indico.fnal.gov/event/43209/contributions/187820/attachments/130254/158595/200623_e4nu_neutrino2020.pdf
https://indico.fnal.gov/event/43209/contributions/187820/attachments/130254/158595/200623_e4nu_neutrino2020.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004


Conclusion
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• The neutrino cross section program 
at Fermilab is delivering 
foundational results crucial for the 
success of current and future 
neutrino oscillation experiments


• Many people have worked tirelessly 
to do the cutting-edge science 
shown here. Congratulations on a 
job well done!


• Special thanks to all involved in 
delivering world-class, high-intensity 
neutrino beams to our detectors


• Stay tuned for much, much more as 
we move toward the era of SBN & 
DUNE



Backup
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Neutrino oscillation measurements
• Precise measurements of neutrino oscillation probabilities 

will allow us to answer key questions


- Leptonic CP violation


- Neutrino mass hierarchy


- Sterile neutrinos


• Detectors measure neutrino event 
rates rather than the probabilities 
themselves


• Oscillation parameters 
( , , ) are inferred by 
comparing expected versus 
observed event rates

θ Δm2 δCP
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FERMILAB-THESIS-2018-07

http://old.inspirehep.net/record/1672901
http://old.inspirehep.net/record/1672901


Cross sections for oscillation analyses

Required inputs for an oscillation analysis include:


• Prediction for the neutrino flux at the detector location


• Cross section models for both signal and background


• Selection efficiency


• Migration matrix: transform between 


Corrections needed to connect true event rate to 
observation depend on many variables 


• Must be studied in simulation using a full prediction of 
 

Precise extraction of  depends on well-controlled 
uncertainties for the other factors

Etrue
ν ↔ Ereco

ν

X

dσ/dX

Posc

J. Paley, JETP seminar, 31 July 2020

Nobs
ν (Ereco

v ) ∼ U(Etrue
ν → Ereco

ν ) [ Φ(Etrue
ν ) × σ(Etrue

ν ) × ϵ(Etrue
ν ) × Posc(Etrue

ν ) ]



Preview of GENIE v3.2
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GENIE docDB #188

New INCL++/ABLA07 & Geant4 FSI models

 

Phys. Rev. D 101, 033003 (2020)

Many other new features. See genie-mc.org for the current list.

SuSAv2 QE + 2p2h cross sections

http://old.inspirehep.net/record/1672901
http://old.inspirehep.net/record/1672901
https://genie-docdb.pp.rl.ac.uk/cgi-bin/ShowDocument?docid=188
https://genie-docdb.pp.rl.ac.uk/cgi-bin/ShowDocument?docid=188
http://old.inspirehep.net/record/1672901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.033003
http://old.inspirehep.net/record/1672901
http://genie-mc.org
http://genie-mc.org
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NOvA: inclusive cross sections

• Study outgoing lepton kinematics in the reaction 



• NOvA has recently obtained two detailed inclusive 
measurements:


- : More than 1M selected events, 172 bins in 
 space


- : About 10K selected events, first ever double-
differential measurement!


• Analyses rely on well-understood particle ID 

- Implemented using Boosted Decision Trees (BDTs)


• Muon ID: 4-variable score leads to high purity


• Electron ID: templates separate signal/background

νℓ + A → ℓ− + X

νμ
(Tμ , cos θμ)

νe

38

Cut optimized to reduce 
uncertainty on  CC cross sectionνμ

For  CC, ElectronID 
templates were fit to data 

on a bin-by-bin basis

νe



Exclusive cross section measurements
• Ideally, we’d like to measure the same cross 

sections a theorist calculates, e.g., CCQE


• Nature isn’t quite so kind to us


- Hadronic final-state interactions (FSIs)


- Detector thresholds, resolution


• Instead, experiments routinely categorize 
events by observable topologies


- “CC0π” → 1 charged lepton and zero pions 
detected


• Interaction mode separation is imperfect, but 
data nevertheless provide powerful model 
constraints
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Toward higher precision
• Various improvements to MicroBooNE 

analysis tools over the past ~2 years


- Detector response & reconstruction


- GENIE v2.12.2 → v3.0.6 with tuning to 
T2K vμ CC0π data (CH target)


- Overlay MC: eliminate cosmic-ray 
simulation in favor of off-beam data


• Big payoff: drastically reduced systematic 
uncertainties


• New CC inclusive analysis leverages these 
improvements and cosmic-ray tracker (CRT)


- Single-differential: very good agreement 
with previous result, but reduced 
uncertainties


- Future work toward double-differential 
cross section

40

vμ CC purity: 50% → 71.9% 

Previous analysis This analysis



Toward higher precision
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• Various improvements to MicroBooNE 
analysis tools over the past ~2 years


- Detector response & reconstruction


- GENIE v2.12.2 → v3.0.6 with tuning to 
T2K vμ CC0π data (CH target)


- Overlay MC: eliminate cosmic-ray 
simulation in favor of off-beam data


• Big payoff: drastically reduced systematic 
uncertainties


• New CC inclusive analysis leverages these 
improvements and cosmic-ray tracker (CRT)


- Single-differential: very good agreement 
with previous result, but reduced 
uncertainties


- Future work toward double-differential 
cross section



MicroBooNE CCQE-like cross section

Agreement improves for multiple kinematic 
variables when forward muon angles are excluded.
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𝛘2 Nom. GENIE: 5.1/7 bins

𝛘2 Nom. GENIE: 2.8/7 bins

𝛘2 Nom. GENIE: 
14.2/7 bins

𝛘2 Nom. GENIE: 
8.4/7 bins

𝛘2 Nom. GENIE: 
12.4/7 bins

𝛘2 Nom. GENIE: 
9.2/7 bins



The MINERvA experiment
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Constraining flux uncertainties with -  scatteringν e−

• Precise modeling of the neutrino flux is crucial 
for oscillation experiments

- Uncertainties typically ~10%

- Often a leading uncertainty for cross section 

measurements

• Flux predictions are made with detailed 

simulations of beam production

- Hadron production cross sections important 

input


• -  cross section is precisely known


- Standard candle for in situ flux 
measurement


- Orders of magnitude smaller than -A

- Backgrounds and low statistics


• Signal: very forward electron shower


• Backgrounds:  CCQE, photons from  
decays, etc.

ν e−

ν

νe π0
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MINERvA vμ CCQE-like cross section
• First ME cross section publication


- Uses -  result to reduce flux 
systematic uncertainties


• Signal definition: 1 muon, 0 mesons, 
0 heavy baryons, and any number of 
nucleons

- Note that this definition of “CCQE-

like” is different from 
MicroBooNE’s (CC1p0π)


• Data compared to generator 
predictions, including special GENIE 
v2.12.6 tunes by MINERvA

- MnvGENIE v1: RPA + 2p2h + 

adjusted non-resonant π 
production


- MnvGENIE v2: MnvGENIE v1 + 
low-Q2 suppression for RES

ν e−

45

 

 

First measurement to probe . All models studied 
cannot achieve good agreement over the full range.

Q2
QE > 4 GeV2

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001


Pion production
• Key for studying inelastic reaction modes (RES, DIS)

• Other Fermilab experiments have recently published 

total cross sections

- NOvA: NC COH π0 

Phys. Rev. D 102, 012004 (2020)

- MicroBooNE: vμ CC π0  

Phys. Rev. D 99, 091102(R) (2019)


• MINERvA has studied various differential cross 
sections in detail


• Recent paper examined tuning of GENIE π 
production modeling to four CC measurements from 
MINERvA 
Phys. Rev D. 100, 072005 (2019)


• Tension seen between MINERvA measurements (CH) 
and between MINERvA and older bubble chamber 
data (1H, 2H)


• Additional  CC 1  measurement not included in 
tuning study: 
Phys. Rev. D 100, 052008 (2019)

ν̄μ π−
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Phys. Rev D. 100, 072005 (2019) 

Various model adjustments explored, including changes to 
standard GENIE parameters and an “ad hoc low-Q2 suppression”


With the options available, good agreement with all 
measurements could not be achieved

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005


Pion production
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JINST 12 (2017) P01016

Fits shown here were performed using NUISANCE, 
a software framework for comparing and tuning 
neutrino generator predictions to experimental data


Used for some of the other comparisons in this talk 
as well (e.g., MicroBooNE CC inclusive)

• Key for studying inelastic reaction modes (RES, DIS)

• Other Fermilab experiments have recently published 

total cross sections

- NOvA: NC COH π0 

Phys. Rev. D 102, 012004 (2020)

- MicroBooNE: vμ CC π0  

Phys. Rev. D 99, 091102(R) (2019)


• MINERvA has studied various differential cross 
sections in detail


• Recent paper examined tuning of GENIE π 
production modeling to four CC measurements from 
MINERvA 
Phys. Rev D. 100, 072005 (2019)


• Tension seen between MINERvA measurements (CH) 
and between MINERvA and older bubble chamber 
data (1H, 2H)


• Additional  CC 1  measurement not included in 
tuning study: 
Phys. Rev. D 100, 052008 (2019)

ν̄μ π−

https://iopscience.iop.org/article/10.1088/1748-0221/12/01/P01016
https://iopscience.iop.org/article/10.1088/1748-0221/12/01/P01016
https://nuisance.hepforge.org/
https://nuisance.hepforge.org/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052008


Neutrino-induced neutrons in MINERvA
• Neutron multiplicities and kinematic 

distributions are poorly understood at present

- Theoretically challenging and difficult to 

measure

- Substantial differences in generator 

predictions

- “Generator” vs. “Geant4” neutrons


• LE analysis:  CC in CH active tracker


- Phys. Rev. D 100, 052002 (2019) 
- Multiplicity, time-of-flight, position, 

speed (1/β), Edep

- Detection via p recoils, inelastic n-C scatters 

(p, γ, fragments) → ~10 MeV kinetic energy 
threshold


• HE analysis in progress

- More efficient, 7.5× more data!

- Data for multiple targets

ν̄μ

48

 

 

3 GeV  on CH

q3 < 0.8 GeV

KEn > 2 MeV

ν̄μ

MINERvA simulation

“QE-rich” subsample: 
Eavail < 0.06 GeV

Preference for both RPA and 
2p2h in measured “QE-rich” 

multiplicity distribution

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052002
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001


A neutrino event in ANNIE
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1. CC interaction in fiducial volume produces a muon. Vertex reconstruction by 
LAPPDs, muon momentum reconstructed in MRD.


2. Neutrons travel, scatter and thermalize.

3.–4. Neutrons capture on Gd, γ-ray cascades detected by conventional PMTs

https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
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ANNIE Preliminary

no veto hit
Tank PMTs fired

Track in Muon Range Detector
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https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
https://indico.fnal.gov/event/43209/contributions/187843/attachments/130258/158564/Neutrino2020_DeepikaJena_MINERvA.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.092001
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• Phys. Rev. D 99, 012002 (2019)

• Multiple MeV-scale contributions 

needed to match data

- De-excitation γ-rays

- Neutron inelastic scatters


• Applications 
- Improved energy resolution for GeV 

neutrinos

- DUNE supernova & solar neutrinos

- Cross section measurements for 

-A scattering at tens-of-MeV


- BSM searches

• See Phys. Rev. D 99, 036009 (2019) 

and arXiv:2006.14675 for details

ν

ArgoNeuT MeV-scale reconstruction

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009
https://arxiv.org/abs/2006.14675
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009
https://arxiv.org/abs/2006.14675


ArgoNeuT MeV-scale reconstruction
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