
Stephen Dolan ECT*, Trento, October 2024

Stephen Dolan

1

Isolating neutrino-hydrogen interactions 

using kinematic separation

stephen.joseph.dolan@cern.ch

Based on: Phys. Rev. D 101, 092003; Phys. Rev. D 110, 032019; arXiv:1901.03750



Stephen Dolan ECT*, Trento, October 2024

Nuclear targets are hard
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Where it started (2015)
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• An extension of (S)TKI applied to single pion production 
defines double TKI

X. Lu et. al.: Phys. Rev. D 92, 051302(R)

• Single pion production happens on the H or CH in plastic scintillator

• 𝛿𝑝𝑇𝑇 balances for H, but not for C:
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• An extension of (S)TKI applied to single pion production 
defines double TKI

X. Lu et. al.: Phys. Rev. D 92, 051302(R)

• Single pion production happens on the H or CH in plastic scintillator

• 𝛿𝑝𝑇𝑇 balances for H, but not for C:

• Unfortunately, this was a tricky 
topology to measure at the time
o Limited statistics (~350 evts for T2K)

o Low purity (~50%)
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• MINERvA demonstrates neutron-tagging!

Phys. Rev. D 100, 052002



Stephen Dolan ECT*, Trento, October 2024

Meanwhile, at Fermilab (~2018) 

9

• MINERvA demonstrates neutron-tagging!

• With a 3D position and sufficient timing resolution, the neutron energy 

could be reconstructed. But this isn’t doable at MINERvA (Kevin’s fault).

Phys. Rev. D 100, 052002
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• T2K is busy building an upgrade to its near detector

10/12/23

(arXiv:1901.03750)
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• T2K is busy building an upgrade to its near detector

10/12/23

(arXiv:1901.03750)

S. Manly
(working on T2K and MINERvA)

Couldn’t the Super-FGD be 
perfect for seeing neutrons?
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Super-FGD: a neutron detector (2018)
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Phys. Rev. D 101, 092003

L. Munteanu et. al.
It’s a great neutron 

detector! Wouldn’t TKI with  
ҧ𝜈CC0𝜋 be great?
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Phys. Rev. D 101, 092003

L. Munteanu et. al. It’s a great neutron 

detector! I wonder what it’s 

measurements of TKI in 
ҧ𝜈CC0𝜋 would look like
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Super-FGD: a neutron detector (2018)
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Phys. Rev. D 101, 092003

L. Munteanu et. al.

Plastic Scintillator: CH target

Antineutrino-Hydrogen Scattering

w/ det. 
smearing

~60% H purity

Phys. Rev. D 101, 092003

Proposal of kinematic 

separation using TKI 
reconstructed from 

neutrons!
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Phys. Rev. D 101, 092003

L. Munteanu et. al.

Couldn’t the Super-FGD be 
perfect for seeing neutrons?

Plastic Scintillator: CH target

Antineutrino-Hydrogen Scattering

w/ det. 
smearing

~60% H purity

Phys. Rev. D 101, 092003

2018
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Key concept: lever arm cuts
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Phys. Rev. D 101, 092003

𝑑

The idea:

• Absolute time resolution is fixed

• Time resolution relative to neutron travel 

time is better when 𝑑 is large

• Cut: 𝑑 > 𝐿, the “lever arm” required
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Phys. Rev. D 101, 092003

𝑑

The idea:

• Absolute time resolution is fixed

• Time resolution relative to neutron travel 

time is better when 𝑑 is large

• Cut: 𝑑 > 𝐿, the “lever arm” required

Best combination: 𝐿 = 10 𝑐𝑚, 𝛿𝑝𝑇 < 40 MeV
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Phys. Rev. D 101, 092003

𝑑

The idea:

• Absolute time resolution is fixed

• Time resolution relative to neutron travel 

time is better when 𝑑 is large

• Cut: 𝑑 > 𝐿, the “lever arm” required

Best combination: 𝐿 = 10 𝑐𝑚, 𝛿𝑝𝑇 < 40 MeV

~20-25% efficiency

~60%-65% purity

~1000 events/ 1021 POT/ ton
(super FGD is ~2tons, T2K expects ~4-5×1021 ҧ𝜈-mode PoT)

Note: 1st T2K CCinc double-differential analysis had 4485 events  
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Back to MINERvA (~2023)
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Nature, 614, 48-53 – see next talk!

Kinematic imbalance for using 

neutrons to get at H? Sounds 
like a good idea! 
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Nature, 614, 48-53 – see next talk!

Even without neutron 

momenta, we can use angular 
imbalance
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Nature, 614, 48-53 – see next talk!

And why stop with the 
transverse plane?
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Tag some 
neutrons

Where are we so far?
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Tag some 
neutrons

Get at H via 

transverse 
imbalance 

Where are we so far?

Get at H via 
transverse & 

longitudinal angular 
imbalance 

Get at H via 
transverse & 

longitudinal angular 

& momentum 
imbalance 

Phys. Rev. D 110, 032019
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Adding a new variable for the Super-FGD

Phys. Rev. D 110, 032019

Considering longitudinal and transverse imbalance in both 
momenta and angle may allow Hydrogen purities of over 90% 
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Adding a new variable for the Super-FGD

Phys. Rev. D 110, 032019

Considering longitudinal and transverse imbalance in both 
momenta and angle may allow Hydrogen purities of over 90% 

Good news for precision 

form-factor tests (and 

potential in-situ flux 
constraints)
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Also important: STT in DUNE (~2018) 

31

• Proponents of using an STT 𝐶𝐻2 detector for DUNE’s SAND ND 
complete a more general analysis: arXiv:1809.08752

Idea: 
• Cut generally in a multi-dimensional space covering TKI and 

simple particle kinematics to maximise H purity for fixed efficiency

• Consider multiple interaction topologies
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• Proponents of using an STT 𝐶𝐻2 detector for DUNE’s SAND ND 
complete a more general analysis: arXiv:1809.08752

Idea: 
• Cut generally in a multi-dimensional space covering TKI and 

simple particle kinematics to maximise H purity for fixed efficiency

• Consider multiple interaction topologies

Very high efficiency + purity, but note:

• Assumes a simple detector smearing

• Controlling model dependence in such 

complicated multi-dimensional cuts 
may be challenging 
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Summary and next steps
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• Measuring neutrino interactions on hydrogen is useful:
o In-situ flux shape constraints (perfect energy reconstruction)

o Untangle nucleon and nuclear interaction physics

• Deviations from kinematic imbalance allows separation 
of interactions on H from a CH target (scintillator)

• Reconstruction of neutrons provides a measure of 
kinematic imbalance for ҧ𝜈CCQE interactions

• First measurement from MINERvA: constraints on 𝐹𝐴!
o No information on neutron momentum (insufficient ToF resolution) leads 

to a relatively low purity ~30%

• T2K’s new SuperFGD offers potential for measurements
o Use of TKI: ~60% purity, use of T+GKI: ~90% purity 

o Expect first measurements in the next ~2 years

• Further improvements possible with DUNE’s ND
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