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High resolution image of Andromeda galaxy
Credit:NASA, ESA, J. Dalcanton (University of Washington, USA), B. F. Williams (University of Washington,
USA), L. C. Johnson (University of Washington, USA), the PHAT team, and R. Gendler.

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 2 / 50



Hale Bopp, visible in 1997,
photo by E. Kolmhofer, H. Raab;
Johannes-Kepler-Observatory/ Wikimedia
Commons

Comet C/2022 E3 (ZTF), photo by Steven
Bellavia. Should be visible today!
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Neutrinos are interesting because ...

Super-K and SNO confirmed neutrino oscillate in 1998 and 2001. Neutrinos
are produced in one of the three flavor eigenstates : e, µ, τ , but travels as a

mixture of mass eigenstates :

∣να⟩ = ∑
i

U∗αi∣νi⟩

with the PMNS mixing matrix U :
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where cij = cos θij, sij = sin θij, and δCP is the CP-violating phase.
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Neutrinos are interesting because ...

Super-K and SNO confirmed neutrino oscillate in 1998 and 2001. Neutrinos
are produced in one of the three flavor eigenstates : e, µ, τ , but travels as a

mixture of mass eigenstates :

∣να⟩ = ∑
i

U∗αi∣νi⟩
∣νj(t)⟩ = e

−i(Ejt−p⃗x⃗)∣νj(0)⟩

≈ e
−i(

m2
jL

2E
)
∣νj(0)⟩

Pα→β = ⟨νβ ∣να⟩

= δαβ − 4∑R(UαiU
∗
βiU

∗
αjUβj) sin

2 (
∆m2

ijL

4E
) + . . .

L: Distance
E: Energy
∆m2

ij = m
2
i −

m2
j

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 3 / 50



Ni(Eν, L, x⃗) = Φi(Eν) × σ(Eν, x⃗) × ϵi(x⃗) × Pα→β(Eν, L)

Event Rate
(ith detector)

Flux
(ith detector)

Cross
Section

Detector
Response
(ith detector)

Oscillation
Probability

L: Distance
E: Energy
x⃗: Observables

∎ Near/far detector scheme means potentially different Φ and ϵ.

∎ Systematics do not fully cancel.

∎ σ contains nucleon and nuclear physics. Difficult to model.
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An active areas of research ...
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(left) ν, (right) ν̄ cross section as a function of energy E1

Physics of neutrino cross sections

Important for oscillation measurements
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Challenges

Challenges with neutrino measurements
∎ No direct knowledge of initial neutrino kinematics

∎ Rely on reconstructed observables of interactions to infer
the initial kinematics

∎ Technologies that may not be sensitive to all observables

∎ Inference requires nuclear physics models

∎ Many nuclear targets exist (CH, H2O, Ar, Fe, Pb, etc..)

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 6 / 50



Challenges

Difficulty: No direct knowledge of the neutrino kinematics

∎ Neutrinos are neutral – do not ionize atoms

∎ Energy and momentum reconstruction depends on

▸ visible calorimetric energy and/or
▸ final state particle kinematics

∎ Don’t see everything – need models.

Figure: MINERvA event display, a muon and a proton in the final
states

Figure: A muon-like ring in Super-K
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Challenges

MINERνA

Main Injector Neutrino ExpeRiment ν-A studies
neutrino-nucleus scatterings at the few-GeV region:

∎ Precise measurements of the signal and
background processes relevant to oscillation
experiments.

∎ Improves understanding of nuclear effects that
affect the reconstruction of neutrino energy.

∎ Demonstrates experimental techniques that
benefit current and future oscillation
experiments.
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Challenges

Nucleon and nuclear physics
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Challenges

Free nucleon (proton or neutron) response to charged current (CC) interactions

ν(ν̄) l−(+)

n(p) p(n)

W+(−)

ν(ν̄) l−(+)

n(p)
?

W+(−)

ω
elastic inelastic
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Challenges

Folding in nuclear effects from multiple bound nucleons

ν(ν̄) l−(+)

n(p) p(n)

W+(−)

ν(ν̄) l−(+)

n(p)
?

W+(−)

ω
elastic inelastic

proton

neutron
Fermi 
motion

short-range
correlation

   
ρ

ρW

W

Quasi-elastic (QE): inseparable nucleon and nuclear effects.

Initial States:
Fermi motion
short-range
correlation
binding energy, etc.

2p2h/mutli-nucleon effects

Final State Interactions
(FSI):
elastic, inelastic,
charge-exchange,pion
production, pion
absorption, etc.

Quasi-elastic-like (QELike): only nucleons in the final states.
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Challenges

Nucleon physics
Form factors parameterize QCD
processes.

D Dominguez/CERN.
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Challenges

Nucleon physics
Form factors parameterize QCD
processes.

D Dominguez/CERN.

Low 4-momentum squared (Q2):
Fourier transform of charge distribution
∼ charge radius as Q2 → 0.

i.e. exponential charge distribution →
dipole form factor FD

dσ

dΩ
= (

dσ

dΩ
)
point

∣F(q⃗)∣
2

ρ(r) =
8π

m3
e−mr → F(q⃗) = (1 −

q⃗2

m2
)

−2

Experiments can access much higher
Q2 → more theory guidance needed
appreciated!

FD(Q2) = FD(0) (1 +
Q2

M2
)

−2
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Challenges

Free nucleon cross section: Llewllyn Smith, 19712

dσ

dQ2
(νn→ l−p

ν̄p→ l+n
) =

M2G2
F cos2 θc

8πE2
ν

[A(Q2) ∓B(Q2)(s − u)
M2

+C(Q2)(s − u)
2

M4
] , (1)

A(Q2) = m2 +Q2

4M2
[(4 + Q2

M2
) ∣FA∣2 − (4 −

Q2

M2
) ∣F 1

V∣2

+ Q2

M2
(1 − Q2

4M2
) ∣ξF 2

V∣2 +
4Q2

M2
ReF 1∗

V ξF 2
V +O(

m2

M2
)],

B(Q2) = Q2

M2
ReF ∗A(F 1

V + ξF 2
V),

C(Q2) = 1

4
(∣FA∣2 + ∣F 1

V∣2 +
Q2

4M2
∣ξF 2

V∣2) (2)

Depends on the “form factors”, F 1
V, ξF

2
V, and FA.
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Challenges

Neutrino-nucleon cross section depends on

∎ F 1
V, ξF

2
V: electric and magnetic charge, measured by electron scattering

experiments – lots of data.

∎ FA: axial vector “charge”. Accessible only through neutrino scattering –
very little data exists.

▸ likelihood of u↔ d conversion.
▸ Historically assumed a dipole form:

FA(Q2) = FA(0)(1 +
Q2

M2
A

)
−2

▸ FA(0) = −1.2723 ± 0.0023 from neutron decay measurements3.
▸ MA is the axial mass.
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Challenges

D2(H) bubble chambers

First neutrino detected by ANL 12-ft D2
bubble chamber.

Past bubble chamber experiments (ANL 12-ft, BNL
7-ft, FNAL 15-ft, 1973-1983) primarily measured
νD → µ− + p + pS reactions.
BNL measured ν̄H reaction using 13 events.

Fanourakis et al., 19804

ν̄ −H
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Challenges

First neutrino - deuterium measurement

model fit

cross section

ν −D

Mann et al., 19735

Reported exactly 50 years ago:

∎ Flux uncertainty was 15%

∎ Extracting form factor needs
model-dependent deuterium
corrections

▸ Fermi motion
▸ Pauli exclusion principle
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Challenges

Measurements with heavier targets

MiniBooNE QE measurement
Aguilar-Arevalo et al., 20106

Butkevich and Perevalov, 20137

∎ MiniBooNE – inclusive, lepton-only
measurement – interpreted as FA on
carbon, insensitive to lepton-hadron
correlation.

∎ MINERνA QE results: disagree

with MA = 1.35 GeV/c2

▸ Tension points to nuclear
effects.

∎ Better able to identify nuclear effects
with lepton-hadron correlations.
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Challenges

Measurements with heavier targets
MINERνA νµ QE measurement

Fiorentini et al.,20138
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∎ MiniBooNE – inclusive, lepton-only
measurement – interpreted as FA on
carbon, insensitive to lepton-hadron
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∎ MINERνA QE results: disagree

with MA = 1.35 GeV/c2

▸ Tension points to nuclear
effects.

∎ Better able to identify nuclear effects
with lepton-hadron correlations.
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Challenges

Measurements with heavier targets
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∎ MiniBooNE – inclusive, lepton-only
measurement – interpreted as FA on
carbon, insensitive to lepton-hadron
correlation.

∎ MINERνA QE results: disagree

with MA = 1.35 GeV/c2

▸ Tension points to nuclear
effects.

∎ Better able to identify nuclear effects
with lepton-hadron correlations.
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Challenges

Nucleon and nuclear effects are inseparable

NEUT

Neutrino measurements depend on models.
Most factor out nucleon and nuclear effects:

1 Neutrino-nucleon interactions

2 Fermi motion, binding energy

3 Final state interactions

4 Event kinematics → combine uncertainty
from previous steps!
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Challenges

A model-independent nucleon FA measurement is beneficial
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Challenges

How – in the future we could build a new bubble chamber.
takes tim

e

Bryan Ramson, Snowmass 2022
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Challenges

How – could perform C/CH ratio large
stat. error

in
M
IN
E
R
νA

Fractional uncertainty for C/CH ratio in MINERνA

MINERνA nuclear target measurement with neutrinos, Kleykamp et al., 202310

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 19 / 50



Challenges

How – could perform C/CH ratio

Figure from Vicenzi, 202211

DUNE’s near detector SAND is
planning a C/CH ratio measurement
in the next decade.
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Challenges

How – directly measure H from a CH target!

Measure the charged current elastic (CCE) scattering

ν̄µ + p→ µ+ + n,

with the Medium Energy NuMI antineutrino beam, and the scintillators in
MINERνA.

∎ No nuclear effect on hydrogen.

∎ Large carbon background.
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Extracting the Cross Section

Extracting the cross section – a road map

(
dσ

dQ2
)
i

=
∑j Uji(Ndata

j −Nbkg−pred
j )

ΦTϵi(∆Q2)i
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Extracting the Cross Section

Extracting the cross section – a road map

(
dσ

dQ2
)
i

=
∑j Uji(Ndata

j −Nbkg−pred
j )

ΦTϵi(∆Q2)i

∎ Q2: square of the 4-momentum transfer.

∎ Reconstructed quantity:

▸ Eν̄ =
M2

n−M2
p−m2

µ+2MpEµ

2(Mp−Eµ+pµ cos θµ)
▸ Q2

QE = 2Eν̄(Eµ − pµ cos θµ) −m2
µ

∎ (dσ/dQ2)i: cross section in the ith Q2 bin.

∎ (∆Q2)i: width of the ith bin.
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Extracting the Cross Section

Extracting the cross section – a road map

(
dσ

dQ2
)
i

=
∑j Uji(Ndata

j −Nbkg−pred
j )

ΦTϵi(∆Q2)i

∎ Uji: Unfolding matrix – correcting detector smearing.

∎ Φ: (Anti)neutrino flux (Zazueta et al., 202212).

∎ T : Number of hydrogen atoms in the sinctillator.

∎ ϵi: Detector efficiency in the ith bin.
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Extracting the Cross Section

Extracting the cross section – a road map

(
dσ

dQ2
)
i

=
∑j Uji(Ndata

j −Nbkg−pred
j )

ΦTϵi(∆Q2)i

∎ Measured Q2
QE:

▸ Ndata
j : detected event rate in the jth Q2

QE bin.

▸ Nbkg−pred
j : reconstructed background prediction in the same bin.

∎ Everything sounds simple, except

▸ signal channel is not dominant, and
▸ background channels are not necessarily well-modeled.
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Using nuclear effects to our advantage

Needs to get clever with data selection!
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Using nuclear effects to our advantage

Using nuclear effects to advantage

ν̄µH is a 2-body process.
Real, elastic, flavor-changing,
billiard balls. We know exactly
where the neutron would go.

x̂

ŷ
ẑ

~pµ

Reaction Plane ~pn

~pν

Target Nucleus

~pν : Neutrino momentum

~pµ: Muon momentum

~pn: Predicted neutron momentum
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Using nuclear effects to our advantage

Using nuclear effects to advantage

ν̄µH is a 2-body process.
Real, elastic, flavor-changing,
billiard balls. We know exactly
where the neutron would go.

Carbon doesn’t play by the same
rules. Neutrons happily deviate.

x̂

ŷ
ẑ

~pµ

Reaction Plane

Perpendicular Plane

~pn

~pν

Target Nucleus

Neutron Candidate
~pν : Neutrino momentum

~pµ: Muon momentum

~pn: Predicted neutron momentum
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Using nuclear effects to our advantage

Using nuclear effects to advantage

ν̄µH is a 2-body process.
Real, elastic, flavor-changing,
billiard balls. We know exactly
where the neutron would go.

Carbon doesn’t play by the same
rules. Neutrons happily deviate.

Capture this deviation in neutron
direction, using δθP and δθR

~pµ

Perpendicular Plane

Reaction Plane ~pn

δθP

δθR
x̂′

ŷ′
ẑ′

~pν

Target Nucleus

Neutron Candidate
~pν : Neutrino momentum

~pµ: Muon momentum

~pn: Predicted neutron momentum
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Using nuclear effects to our advantage

Wait, you need neutrons?
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Using nuclear effects to our advantage

MINERνA detector
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Using nuclear effects to our advantage

Neutrons inside the detector interact with hydrogen or carbon to
produce charged secondary particles.
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A SimulationνMINER

Most prompt neutron energy deposits due to knockout protons.
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Using nuclear effects to our advantage

Neutron signature

An incoming anti-neutrino scatters off a hydrogen producing neutron. The neutron
undergoes secondary interactions to produce visible proton.
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Using nuclear effects to our advantage

Blobbing algorithm
All Clusters

X-clusters U-clusters V-clusters

Separate by View, 
Sorted by energy

z
0 z
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Seed-finding 
on clusters in 

one view

T
centroid

Combine XUV seeds
1. Overlap in z
2. δx < 100 mm

X-view Seeds U-view seeds

x1=T X x2=T U+T V

δ x=x1−x2

3-View “Blobs”

Combine leftover XU, XV seeds
1. On adjacent planes
2. No other seed in the plane

2-View “Blobs”

V-view seeds

1-View 2D “Blobs”
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Using nuclear effects to our advantage

Blobbing algorithm
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Using nuclear effects to our advantage

Forming event selection
Event topology:

∎ 1 µ+ and no reconstructed hadronic
track

Neutron selection:

∎ ≥ 1 three-dimensional neutron
candidate

∎ Leading candidate energy deposited
10 cm away from the muon axis.

Muon acceptance due to detector shape:

∎ 1.5 GeV < Eµ < 20 GeV

∎ θµ < 20○ w.r.t. to neutrino beam

NuMI Antineutrino Mode: 1.12 × 1021

Protons on Target

Total recoil energy cut:
Condition Erecoil

max (GeV)
Q2

QE < 0.3 (GeV/c)2 0.04 + 0.43Q2
QE/(GeV/c)2

Q2
QE < 1.4 (GeV/c)2 0.08 + 0.3Q2

QE/(GeV/c)2

Q2
QE > 1.4 (GeV/c)2 0.50
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Using nuclear effects to our advantage

A sneak peak at the fun part
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Nuclear effects are real, physics works!∼ 94,000 events.
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Simulation and its Validation

Model prediction

MnvGENIE-v2.5.1

1 Nieves 2p2h13 and low-recoil tune14

2 Random phase approximation15 (RPA) tune

3 Non-resonant pion reduction16

4 Low-Q2 resonant pion suppression17

5 Carbon elastic FSI reweight18

6 CCQE carbon nuwro spectral function (SF)19,20

reweight on GENIE

A GEANT4 neutron reweight21,22
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Simulation and its Validation

Rationale for reweighting genie relativistic Fermi gas (RFG) model to nuwro’s
spectral function (SF) model.
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Simulation and its Validation

Low energy era measurement: MINERνA
developed a set of transverse kinematics
imbalance techniques for the neutrino sample:

∎ Events with only a primary muon, at least
one proton, and no mesons.

∎ Compare momentum imbalance between µ
and p.

∎ δpTy measures whether p⃗µ + p⃗p balance out
along the p⃗µT axis.

∎ nuwro spectral function (solid blue) better
describes data.

~pν

~pµ
~pµT

qT = −~pµT
~pP

~pPT δ~pT

δ~pTy
δ~pTx

N x̂

ŷ

ẑ

Cai et al., 201923
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Simulation and its Validation

Constraining MINERνA’s GEANT4 neutron model with external data.
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Simulation and its Validation

Neutron model from Modular Neutron Array (MoNA)

Plot from reference[22]

∎ The MoNA collaboration
collected (Del Guerra, 197621) and
modeled (Kohley et al., 201222)

neutron cross section on CH.

∎ 12C(n,np)11B the dominant
interaction channel

∎ We tune each channel to the
MoNA cross sections based on
secondary daughter particles.
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Simulation and its Validation

∎ We looked at “nuisance” variables to see if the MONA data improved the
data/MC agreement

∎ These variables are not used in the fit and not tuned

∎ Example includes energy of neutron candidates, and distance of the
candidate to vertex

∎ will show neutron candidate energy deposits in each Q2
QE bin.
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Simulation and its Validation

Neutron candidate energy deposits vs Q2
QE

Without MoNA.
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Simulation and its Validation

Neutron candidate energy deposits vs Q2
QE

With MoNA: improved χ2.
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Signal and Backgrounds

Let’s return to the fun part
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Each angular variable is not selective
enough → go to two dimensions

∼ 94,000 events.
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Signal and Backgrounds

Non-QE Validation

Non-QE Fit

Non-QE & Mesons

QE Validation
QE Fit

CCE Signal

CCE
QELike CCQE
QELike Non-CCQE
Non-QELike

Angular regions and MC fraction
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Created different angular regions – Hydrogen signal in the center. Outer regions
are used for fit and validation – expand each region in Q2
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Signal and Backgrounds

Non-QE Validation

Non-QE Fit

Non-QE & Mesons
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Predicted hydrogen angles – concentrated in the center.
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Signal and Backgrounds

Non-QE Validation

Non-QE Fit

Non-QE & Mesons
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Carbon QELike (CCQE) – more spread out due to Fermi motion and final state
interactions.
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Signal and Backgrounds

Non-QE Validation

Non-QE Fit
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2p2h and resonant – all over the place but different.
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Signal and Backgrounds
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Signal and Backgrounds Background Constraints

Validating background constraint method with neutrino sample
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We select events with trackable protons in a neutrino sample. Different final states and
available kinematics. Apply same fitting mechanism. Data and MC agree within uncertainty
except Q2 ∈ (0.2,0.4)(GeV/c)2.
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Signal and Backgrounds Background Constraints

Validating background constraint method with neutrino sample
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Neutrino mode:

∎ 100% 2p2h uncertainty covers
data/simulation discrepancy.

Antineutrino mode:

∎ Small 2p2h contribution.

∎ Sufficiently covered by total
uncertainty.
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Signal and Backgrounds Background Constraints

Fit using sideband region

CCQE is the dominant background. Small 2p2h, resonant, and Non-QELike
contributions. The fitted model are well constrained by data.
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Signal and Backgrounds Background Constraints
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Check fit with validation region

CCQE is the dominant background. Small 2p2h, resonant, and Non-QELike
contributions. The fitted model are well constrained by data.
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Signal and Backgrounds Background Constraints
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Apply fit to signal region

Projecting the fit into the signal region. Difference between data and
background is the physics. More than 5000 hydrogen events!
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Signal and Backgrounds Background Constraints
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Apply fit to signal region

Subtract background, and correct detector smearing using D’Agostini iterative
unfolding with 4 iterations.
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Signal and Backgrounds Background Constraints

Efficiency

ϵ =
signal events recorded

total signal events produced

∎ Peaks at Q2 ∼ 0.3 (GeV/c)2

∎ Low Q2: Low acceptance because
neutron needs to produce protons
that span at least 2 planes.

∎ high Q2: Reconstruction
inefficiency and larger opening
angles and less detector material to
contain neutrons. 2 (GeV/c)
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Cross Section and Fitting FA

Cross section prediction

∎ The single nucleon Llewelyn Smith
equation convolutes with flux and
muon acceptance.

▸ Necessary for theory
calculations.

∎ We use a standard vector form
factor parameterization. (BBBA2005,

Bradford et al., 200524)

∎ FA fit assumes z-expansion form25

(details in the backup).
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Cross Section and Fitting FA

Cross section

Data

Hydrogen Fit

Deuterium Fit

BBBA2007
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Figure: Extracted cross section and ratio to a dipole form factor.

Deuterium Fit: Meyer et al., 201625

BBBA2007: Bodek et al. 200726
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Cross Section and Fitting FA

Systematic and statistical uncertainty

∎ Dominated by statistical
uncertainty from background
subtraction, despite enhanced
signal

∎ Systematic uncertainties from
residuals of background subtraction

∎ Particle responses in the “other”
category, dominated by neutron
systematics.
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Cross Section and Fitting FA

FA fit and axial radius of the nucleon

Result of FA fit:

Calculate proton radius from FA for Q2 → 0.

FA(Q2) = FA(0) (1 −
⟨r2A⟩
3! Q2 +

⟨r4A⟩
5! Q4 + . . . ),

1
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2

∎
√
⟨r2A⟩ = 0.73(17)fm
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Cross Section and Fitting FA

FA fit and axial radius of the nucleon

Result of FA fit:

Deuterium fit applies z-expansion to bubble
chamber data focused for Q2 < 1 (GeV/c)2.
Hydrogen fit data up to Q2 = 5 (GeV/c)2.
Tension between hydrogen and deuterium at
larger Q2.
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Cross Section and Fitting FA

FA fit and axial radius of the nucleon

Result of FA fit:

A fit to lattice QCD calculation by Lin27 is
consistent with our fitted FA up to 1 (GeV/c)2
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Cross Section and Fitting FA

Nucleon form factor impacts DUNE physics
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∎ Solid blue: GENIEv3 10a 02 11a,
CCQE uses dipole FA.

∎ Dashed black: replace dipole FA with
z-expansion FA fitted to LatCat
LQCD.

10% ∼ 20% effect.
Meyer, Walker-Loud, and Wilkinson, 202228.
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Cross Section and Fitting FA

Summary

First new nucleon FA measurement in 30 years and the only statistically significant
measurement on free nucleon.

∎ The result will aid in better understanding the weak nucleon structure.

∎ An important ingredient for DUNE → impacts cross section.

∎ The new techniques developed are useful for current and future
experiments:

▸ neutron reconstruction
▸ method of background constraint

Appeared online today: Nature 614, 48–53 (2023)
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Cross Section and Fitting FA

Thank you!
The MINERvA Collaboration
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Backup

Backup
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Backup

Background constraint method
MC cateogries (C) with significant contributions in each Q2

QE bin and angular
region is used as template. QELike: CCQE, 2p2h, resonant. Non-QELike: π0,
π±.

χ2 =∑
S,i

([∑C wC,iNmc
C,S,i] −N

data
S,i )

2

Ndata
S,i

+

λS∑
C

N−2
∑
j=1
(wC,j +wC,j+2 − 2wC,j+1)

2.

χ2 term

regularizaton term

S: sideband – angular regions participating in fit. i: Q2
QE bin. w: Weight for each category in

each bin.
λS controls the strength of the regularization, affects smoothness of the fit, and obtained
through an L-curve style scan.
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Backup

Explanation of the Weights

The CCQE weight is affected by

∎ Base genie model

∎ Various model tunes:

▸ RPA, nuwro SF

∎ Final state tunes:

▸ FSI tunes

Central value reweight
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Non-QE validation region 1 – fitted

CCQE is no longer the dominant background in these outlying regions. The
Non-QE validation regions are mechanically separated into two sub-regions but
has smaller effect on the parameter scan due to low statistics.
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CCQE is no longer the dominant background in these outlying regions. The
Non-QE validation regions are mechanically separated into two sub-regions but
has smaller effect on the parameter scan due to low statistics.
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CCQE is no longer the dominant background in these outlying regions. The
Non-QE validation regions are mechanically separated into two sub-regions but
has smaller effect on the parameter scan due to low statistics.
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions
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Effects of background constraint on angular regions

2 (GeV/c)QE
2Q

2−10 1−10 1 10

R
at

io
 to

 M
od

el

0.0

0.5

1.0

1.5

2.0

2.5
Non-QE && Mesons

2 (GeV/c)QE
2Q

2−10 1−10 1 10

R
at

io
 to

 M
od

el

0.0

0.5

1.0

1.5

2.0

2.5
Non-QE && Mesons

MINERvA Data Model w/ Stat. Unc.
CCE Hydrogen QELike CCQE
QELike 2p2h QELike Resonant
QELike DIS Non-QELike

Non-QE and mesons fit region

Ratio of data to (left) unfitted model, (right) post-fitted model.

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 55 / 50



Backup

MINERvA ν̄µ-CH result – ratio of data to base model

Bashyal et al., 202229
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Backup

Migration matrix and warping study

Row normalized migration matrix:
Unfolding matrix obtained by

∎ D’Agostini iterative unfolding – stops
at 4th iteration.
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Backup

Migration matrix and warping study

Ratio of “warped prediction” to base
prediction.

∎ Performed warping study to check
stability of regularization.

∎ “Warped” prediction with ratio, and

∎ and generated ensemble of 1000
statistical variations.

∎ Obtain average and median χ2 between
unfolded and truth of the ensemble for
each iteration.
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Systematics Uncertainties

(left) all systematics, (right) others
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Systematics Uncertainties

(left) FSI model, (right) cross section model

Tejin Cai (York University) Antineutrino-proton scattering at MINERvA Fermilab Colloquium, Feb 1, 2023 58 / 50



Backup

Systematics Uncertainties
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Systematics Uncertainties
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Neutron secondary scattering

∎ Ejected protons responsible for
majority of secondary neutron
interactions.

∎ Inelastic scattering from carbon
dominates (see previous slide)

∎ MINERνA doesn’t have
access to the most updated
GEANT4 because we need to
access MINOS.
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Effect of MONA Reweight – Blob Energy Without MoNA
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Effect of MONA Reweight – Blob Energy With MoNA
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Effect of MONA Reweight – Blob Distance to Vertex Without MoNA
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Effect of MONA Reweight – Blob Distance to Vertex With MoNA
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Backup

z-expansion parameters

z-expansion formalism and constraints on ak

FA(Q
2) =

kmax

∑
k=0

akz
k

z =

√
tcut +Q2 −

√
tcut − t0

√
tcut +Q2 +

√
tcut − t0

∞
∑
k=n

k(k − 1) . . . (k − n + 1)ak = 0, n ∈ (0,1,2,3)

χ2 =∆X ⋅ cov−1 ⋅∆X + λ [
5

∑
k=1
(
ak
5a0
)
2

+
kmax

∑
k=5
(
kak
25a0
)

2

]

∆X = data − prediction
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z-expansion parameters II
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∎ Scan through large range of λ

∎ Data χ2 for kmax = 8 can be less
than kmax = 6

∎ λ chosen at point of maximum
curvature.
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Dipole Fit
Data

Hydrogen Fit

Deuterium Fit

BBBA2007 Fit

Dipole Fit
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∎ MA = 1.15(10) GeV

∎ Fit χ2 = 10.2

∎ Comparable with z-expansion fit

▸ kmax = 6
▸ λ = 0
▸ χ2 = 9.64
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Changing genie’s initial state model
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Relativistic Fermi Gas (RFG), Local Fermi Gas
(LFG) and Spectral Function (SF)

∎ RFG: non-interacting fermions in a
potential well with fixed Fermi momentum
KF .

∎ genie RFG includes an additional tail.

∎ LFG: Fermi gas with location-dependent
KF .

∎ SF: a nuclear-shell model.
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FA fit and axial radius of the nucleon

Favors larger FA at higher Q2.
Calculate proton radius from FA for Q2 → 0.

FA(Q2) = FA(0) (1 −
⟨r2A⟩
3! Q2 +

⟨r4A⟩
5! Q4 + . . . ),

1
FA(0)

dFA

dQ2 ∣
Q2=0
= −1

6 ⟨rA
2⟩

∎ ⟨r2A⟩ = 0.53(25)fm
2

∎
√
⟨r2A⟩ = 0.73(17)fm

Hydrogen Fit

Deuterium Fit

BBBA2007 Fit

LQCD Fit
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FA fit and axial radius of the nucleon

Favors larger FA at higher Q2.
Calculate proton radius from FA for Q2 → 0.

FA(Q2) = FA(0) (1 −
⟨r2A⟩
3! Q2 +

⟨r4A⟩
5! Q4 + . . . ),

1
FA(0)

dFA

dQ2 ∣
Q2=0
= −1

6 ⟨rA
2⟩

∎ ⟨r2A⟩ = 0.53(25)fm
2

∎
√
⟨r2A⟩ = 0.73(17)fm

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
⟨r 2

A⟩ (fm2)

ETM 22 (prelim)
NME 22 (prelim)

LHP+RBC+UKQCD 22 (prelim)
PACS 22 (prelim, 1284)
PACS 22 (prelim, 1604)

Mainz 22
CalLat 21 (prelim)

Mainz 21
PACS 21
NME 21

RQCD 20
ETMC 20

Filled circle: full error budget.
Open square: incomplete.
Red band: this result.

Courtesy of Aaron Meyer.
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