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Neutrino Oscillation
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Neutrino oscillation: ν spontaneously change flavor

Parameters of oscillation not completely known
=⇒ δCP ?, m3 > m1,2?

Upcoming flagship accelerator experiments
=⇒ DUNE, HyperK
=⇒ Measure oscillation probability

[HyperK]

[DUNE]
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Measuring Oscillation Probability

Flux Cross Section
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P (L/Eν)
]
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≈
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Nevent[NEAR]
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Broad flux & distribution of event Eν

far/near =⇒ oscillation probability, assuming we can get Eν dependence correct...
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Measuring Oscillation Probability
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]
bin
≈
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bin

Broad flux & distribution of event Eν
far/near =⇒ oscillation probability, assuming we can get Eν dependence correct...
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Neutrino Event Topologies
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π

νµ µ−

νµ µ−

νµ µ−

π

νµ µ−

νµ µ−

“Large” nucleus (A > 10)
=⇒ more nucleons to interact with
=⇒ target material = detector

Nuclear environment complicates measurements:
I Many allowed kinematic channels
I Reinteractions within nucleus
I Only final state particles are observable

Cannot isolate Eν event-by-event
=⇒ Eν reconstructed from Monte Carlo distributions
=⇒ need precise & accurate nuclear models

built with nucleon amplitudes
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Neutrino Cross Sections from Elementary Targets
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[Rev.Mod.Phys. 84]

νµ flux [arb.unit]

HyperK [1805.04163[physics.ins-det]]

DUNE [1512.06148[physics.ins-det]]

Quasielastic is lowest Eν , simplest =⇒ most important

Question:
How well do we know free nucleon quasielastic cross section from elementary target sources?

Three main sources:
I Hydrogen scattering I Deuterium scattering I Lattice QCD
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Deuterium Fits
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Quasielastic Scattering

n
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MCCQE ∼ 〈`|J µ|ν`〉〈p|Jµ|n〉
dσCCQE
dQ2 ∼ |MCCQE|2

〈pk|(Vµ −Aµ)|np〉

= ū
(p)
k

[
γµF1(Q2) + i

2MN
σµνqνF2(Q2)

+ γµγ5FA(Q2) + 1
2MN

qµγ5FP (Q2)
]
u

(n)
p

Simplest topology, lowest Eν – nucleon scatters elastically with neutrino

Nucleon response described by form factors:

I F1, F2: vector form factors, constrained by eN scattering
I FP : “induced pseudoscalar” form factor, subleading in cross section

related to FA by pion pole dominance constraint
I FA: axial form factor

Nucleon cross section uncertainty dominated by axial form factor FA
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Form Factor Parameterizations
Dipole model ansatz —

FA(Q2) = gA

(
1 + Q2

m2
A

)−2

I Overconstrained by data
I Inconsistent with QCD
I Motivated by Q2 →∞ limit, data restricted to low Q2

z expansion [Phys.Rev.D 84 (2011)] —

FA(z) =
∞∑
k=0

akz
k z(Q2; t0, tcut) =

√
tcut +Q2 −

√
tcut − t0√

tcut +Q2 +
√
tcut − t0

tcut ≤ (3Mπ)2

I |z| < 1, bounded |ak| =⇒ rapid convergence
I Controlled procedure for introducing new parameters
I Optional sum rule constraints regulate large-Q2 behavior
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Deuterium Constraints on FA
with M. Betancourt, R. Gran, R. Hill
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[Phys.Rev.D 93 (2016)]

I Outdated bubble chamber experiments:
- Total O(103) νµ QE events
- Digitized event distributions only
- Unknown corrections to data
- Substantial uncertainty in/about flux
- Deficient deuterium correction

I Dipole overconstrained by data,
underestimated uncertainty ×10
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Deuterium Constraints on FA
with M. Betancourt, R. Gran, R. Hill
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data: [Phys.Rev.Lett. 111 (2013)]

[Phys.Rev.D 93 (2016)]

Conclusions about discrepancies
depend on parameterization:

I Dipole –
=⇒ form factor uncertainty small
=⇒ discrepancies from nuclear only

I z expansion –
=⇒ form factor uncertainty sizeable
=⇒ discrepancies could be

nucleon form factors and/or
nuclear modeling

Dipole uncertainty unrealistically small – nucleon form factor not as precise as historical claims
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LQCD Survey and Implications
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What is Lattice Quantum Chromodynamics (LQCD)?

LQCD is the only known mathematically rigorous method
to compute properties of hadrons in nonperturbative QCD

Constructed from quark and gluon degrees of freedom

After removing systematic biases, predictions of QCD (not an approximation!)

X Complementary to experiment
X Controlled nuclear effects
X Realistic, robust uncertainty estimates
X Systematically improvable
X Computers are (relatively) inexpensive

Experiment

MC
Nucleon

Nuclear
Lattice QCD
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Lattice QCD Formalism
Numerical evaluation of path integral

Parameters: am(u,d),bare masses
ams,bare
β = 6/g2

bare coupling

Matching: e.g. Mπ
MΩ

, MK
MΩ

, MΩ experiment
1 per parameter

Results — first principles predictions from QCD,
gluons to all orders

L

a

Uµ

ψ

ψ

ψ

ψψ̄

Each gauge ensemble generated with fixed a, L/a, aMπ ...
“Complete” error budget =⇒ extrapolation in a, L, Mπ guided by EFT, FVχPT

I a→ 0 (continuum limit)
I L→∞ (infinite volume limit)
I Mπ →Mphys

π (chiral limit)
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Successes of Lattice QCD
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[Ann.Rev.Nucl.Part. 62 (2012)]

Open symbol: input
Closed symbol: (pre/post)diction
Line: experiment

I . 5 inputs, (very) many predictions I Heavily constrained by standard model

I Widely used in flavor physics (CKM matrix elements)
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Axial Form Factor from LQCD
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LQCD results maturing:
I Many results, all physical Mπ : independent “data” & different methods
I Small systematic effects observed (expectation: largest at Q2 → 0)
I Subject to nontrivial consistency checks from PCAC

LQCD prediction of slow Q2 falloff, situation unlikely to change drastically
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Free Nucleon Cross Section
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30–40%enhancement
(green→red)

}

}

νD

LQCD} LQCD

z exp
BBBA05} vector FFs

If LQCD form factor correct, implies big changes —

Integrate over Q2 to get QE cross section σ(Eν)
=⇒ high-Q2 discrepancy enhances cross section 30–40%!
=⇒ recent Monte Carlo tunes prefer ∼20% enhancement of QE

[Phys.Rev.D 105 (2022)] [2206.11050 [hep-ph]]

Current-generation LQCD about ×2 more precise than νD scattering
LQCD precision small enough to be sensitive to vector form factor discrepancies
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Free Nucleon Cross Section
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30–40%enhancement
(green→red)

}

}
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If LQCD form factor correct, implies big changes —

Integrate over Q2 to get QE cross section σ(Eν)
=⇒ high-Q2 discrepancy enhances cross section 30–40%!
=⇒ recent Monte Carlo tunes prefer ∼20% enhancement of QE

[Phys.Rev.D 105 (2022)] [2206.11050 [hep-ph]]

Current-generation LQCD about ×2 more precise than νD scattering

LQCD precision small enough to be sensitive to vector form factor discrepancies
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Free Nucleon Cross Section
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30–40%enhancement
(green→red)

}
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If LQCD form factor correct, implies big changes —

Integrate over Q2 to get QE cross section σ(Eν)
=⇒ high-Q2 discrepancy enhances cross section 30–40%!
=⇒ recent Monte Carlo tunes prefer ∼20% enhancement of QE

[Phys.Rev.D 105 (2022)] [2206.11050 [hep-ph]]

Current-generation LQCD about ×2 more precise than νD scattering
LQCD precision small enough to be sensitive to vector form factor discrepancies
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T2K Implications
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[Ann.Rev.Nucl.Part. 72 (2022)]

Insert new form factor into Monte Carlo event generator
Convolve with realistic flux, nuclear model; compute neutrino event rates

Dashed dark blue (GENIE nominal) vs solid magenta (z exp LQCD fit)
Eν -dependent event rate changes, different for near/far detectors

=⇒ Potential source of bias – caution!

Insert new form factor into Monte Carlo event generator
Convolve with realistic flux, nuclear model; compute neutrino event rates

Solid dark blue (GENIE nominal) vs dashed magenta (z exp LQCD fit)
Similar story, different Eν dependence =⇒ different potential bias
Moving target =⇒ other topologies adjusted to soften QE changes
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DUNE Implications
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Insert new form factor into Monte Carlo event generator
Convolve with realistic flux, nuclear model; compute neutrino event rates

Dashed dark blue (GENIE nominal) vs solid magenta (z exp LQCD fit)
Eν -dependent event rate changes, different for near/far detectors

=⇒ Potential source of bias – caution!

Insert new form factor into Monte Carlo event generator
Convolve with realistic flux, nuclear model; compute neutrino event rates

Solid dark blue (GENIE nominal) vs dashed magenta (z exp LQCD fit)
Similar story, different Eν dependence =⇒ different potential bias
Moving target =⇒ other topologies adjusted to soften QE changes
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Combined Hydrogen–Deuterium Fits
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Hydrogen vs Deuterium
[Nature 614 (2023)]

νµ µ−

p

p

p
n

νµ µ+

n

p

Work done with MINERνA collaboration on published data
Special thanks: Tejin Cai, Kevin McFarland, Miriam Moore

MINERνA result for ν–p scattering in plastic scintillator

Test consistency between hydrogen, deuterium fit together

Some visible disagreements between hydrogen, deuterium
=⇒ how does this manifest in combined fit?

[Nature 614 (2023)]
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Isotope Fit Comparisons
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Deuterium [Phys.Rev.D 93 (2016)]

Q2
min = 0.20 GeV2Q2

min = 0.06 GeV2

Inner band – uncertainty from axial only
Outer band – uncertainty from axial + vector [Phys.Rev.D 102 (2020)]

Cut low Q2 in deuterium to avoid systematics (nominal Q2
min = 0.20 GeV2)

Degeneracy between cross section normalization and axial form factor in deuterium fits
=⇒ strong dependence on Q2

min, suppressed by regularization in [Phys.Rev.D 93 (2016)]

Tension in fits:
∆χ2 = χ2

H+D − χ
2
D − χ

2
H ≈ 8.8 =⇒ ∆χ2 / 1 DoF yields p-Value ≈ 3.0× 10−3

Test compatibility by fixing axial parameters (marginalize deuterium nuisance parameters):
{ak}D pD {ak}H pH

χ2
D/DoFD 94.9/94 0.45 167.7/96 8.3×10−6

χ2
H/DoFH 23.3/15 0.08 10.0/13 0.69

Deuterium is incompatible with hydrogen, LQCD
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Isotope Fit Comparisons
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Inner band – uncertainty from axial only
Outer band – uncertainty from axial + vector [Phys.Rev.D 102 (2020)]

Cut low Q2 in deuterium to avoid systematics (nominal Q2
min = 0.20 GeV2)

Degeneracy between cross section normalization and axial form factor in deuterium fits
=⇒ strong dependence on Q2

min, suppressed by regularization in [Phys.Rev.D 93 (2016)]

Tension in fits:
∆χ2 = χ2

H+D − χ
2
D − χ

2
H ≈ 8.8 =⇒ ∆χ2 / 1 DoF yields p-Value ≈ 3.0× 10−3

Test compatibility by fixing axial parameters (marginalize deuterium nuisance parameters):
{ak}D pD {ak}H pH

χ2
D/DoFD 94.9/94 0.45 167.7/96 8.3×10−6

χ2
H/DoFH 23.3/15 0.08 10.0/13 0.69

Deuterium is incompatible with hydrogen, LQCD
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Comparison Summary
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Hydrogen
RQCD 20 [LQCD]
Mainz 22 [LQCD]
NME 22 [LQCD] (prelim)
PNDME 23 [LQCD]
Deuterium [Phys.Rev.D 93 (2016)]

Quasielastic FA(Q2) critical for success of accelerator neutrino oscillation experiments
Ongoing work to combine all sources of axial form factor constraint
Uncertainty historically underestimated by factor of 10 —

=⇒ FA(Q2) at Q2 = 1 GeV2 known at 20–25% level =⇒ Tensions at > 50% level
Potential for high-impact tie-breaking result

Thank you for your attention!
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Electro Pion Production

Mainz 22
NME 21
RQCD 20
νD z exp
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1
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0
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[J.Phys.G 28 (2002)]

same data, different model

I Large model uncertainty,
not included in world averages

I Valid only in Mπ → 0, q → 0 limits
I Expansion to O(M2

π , Q
2):

- restricted Q2 validity
- lacks shape freedom in Q2

I Predates Heavy Baryon χPT,
no systematic power counting

Modern experiments do not report FA(Q2) =⇒ averages out of date
Possible argument for comparing to r2

A from low Q2; high Q2 untrustworthy
Effort needed to update prediction from photo/electro pion production
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Vector Form Factors - Proton/Neutron
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Large tension in proton magnetic form factor
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Vector Form Factors - Isospin Symmetric
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Cumulative Updates to Deuterium
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Deuterium [Phys.Rev.D 93 (2016)]
z expansion vector form factors
t0 = −0.50 GeV2

kmax = 6
λ = 0
Q2

min = 0.20 GeV2

Cumulative changes between fits
=⇒ moving down legend labels, fits include same modifications as fits above them

Fits all 1σ consistent until regularization removed

Q2 cut emphasizes axial form factor + normalization degeneracy
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PCAC Checks
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RQCD [JHEP 05 (2020)] NME [prelim]

ETMC [prelim]

I Relation btw FA, FP , F̃P via PCAC
I Contamination in FA and F̃P , FP very different

=⇒ nontrivial consistency check
[Phys.Rev.D 99 (2019)]
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LQCD Excited States — χPT and Nπ
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FIG. 4: Results for ✏plat
A (Q2, t) (dots) and ✏plat

P (Q2, t) (diamonds) for a source sink separation t = 2 fm and

momentum transfers below 0.25 (GeV)
2
. The discrete values for the latter are determined by the size of the

spatial volume given in terms of M⇡L = 3 (purple), 4 (blue), 5 (black) and 6 (red).

according to

Gplat
A (Q2, t) ⌘ min

0<t0<t
Ge↵

A (Q2, t, t0) , (5.1)

G̃plat
P (Q2, t) ⌘ max

0<t0<t
G̃e↵

P (Q2, t, t0) . (5.2)

These are functions of the momentum transfer and t. Naively one expects the operator has to be
located closely to the middle between source an sink, i.e. t0 ⇡ t/2. At least for small momentum
transfer that are accessible with ChPT we will find this expectation to be true, see below. In
practice, the midpoint estimates

Gmid
A (Q2, t) ⌘ Ge↵

A (Q2, t, t0 = t/2) , (5.3)

G̃mid
P (Q2, t) ⌘ G̃e↵

P (Q2, t, t0 = t/2) . (5.4)

are close to the plateau estimates and work equally well.
As a measure for the N⇡-state contribution we introduce the relative deviation of the plateau

estimates from the true form factors,

✏plat
A (Q2, t) ⌘ Gplat

A (Q2, t)

GA(Q2)
� 1 , ✏plat

P (Q2, t) ⌘ G̃plat
P (Q2, t)

G̃P(Q2)
� 1 (5.5)

and analogously for the midpoint estimates. Figure 4 shows ✏plat
A,P for a source sink separation of t = 2

fm and small momentum transfers below 0.25 GeV2. Without the N⇡ contribution �Gplat
A,P would

be equal to 0. Any deviation from this value is the N⇡ state contamination in percent. Plotted
are the results for the lowest discrete momentum transfers allowed by various spatial volumes with
M⇡L values between 3 and 6.

In case of the axial form factor (dots) we can read o↵ that the plateau estimate overestimates
GA(Q2) by about 5%, essentially independent of Q2. We also reproduce the result for vanishing

momentum transfer found in [9]. In contrast, G̃plat
P (Q2) underestimates the induced pseudo scalar

15

[Phys.Rev.D 99 (2019)]

Axial

Induced
Pseudoscalar

Contamination in gA(Q2) primarily from enhanced Nπ, mostly from induced pseudoscalar

Correlator fits without axial current not sensitive to Nπ [Phys.Rev.C 105 (2022)] [Phys.Rev.D 105 (2022)]

Alternate fit strategies:
I explicit Nπ operators
I include A4 (strong Nπ coupling)

I Kinematic constraints (FP = 0)

Prediction from χPT: [Phys.Rev.D 99 (2019)]

First demonstration of Nπ: [Phys.Rev.Lett. 124 (2020)]

χPT-inspired fit methods for fitting form factor data
[Phys.Rev.D 105 (2022)] [JHEP 05 (2020) 126]
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Energy Regimes
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–Four Point Functions
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LQCD Computation Anatomy

Correlation functions in euclidean time:
=⇒ e−Ent decay of excited state contribs

2-point function
〈N(t)� (0)〉 =

∑
n
〈0|N|n〉〈n|� |0〉e−Ent

3-point function
〈N(t)⊗(τ)� (0)〉 =

∑
mn
〈0|N|n〉〈n|⊗|m〉〈m|� |0〉e−En(t−τ)−Emτ

q, t q, 0

0, t −q, 0

q, τ
2-point

3-point

Extract masses from 2-point, matrix elements from 3-point

Complications:
I exponentially degrading signal/noise with t

I n > 0 contaminations from excited states

Use many source/sink operators (�,N) to suppress excited states:

Cij(t) =
∑

n
zi,nz

†
j,ne
−Ent =⇒ vTC(t)v ≈ e−E0t when

∑
i
vTi zi,n ≈ δ0,n
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Fit Setup
−q, 0 0, t

q, τ

time

so
ur

ce sink

Fit exponential dependence of axial “3-point” functions:

C3pt
Az (t, τ,q) = 〈N (0, t)Az(q, τ)N (−q, 0)〉

∼
∑
mn

z0
n A

q
nm zq†

m e−E
0
n(t−τ)e−E

q
mτ

Towers of excited states m, n depend on momenta injected
Current Az couples to axial, induced pseudoscalar form factors

Overlaps, energies constrained by “2-point” functions

C2pt(t,q) = 〈N (q, t)N (−q, 0)〉 ∼
∑
m

zq
m zq†

m e−E
q
mt

Plot ratio correlator:

RAz (t, τ,q) =
C3pt
Az (t, τ,q)√

C2pt(t− τ,0)C2pt(τ,q)

√
C2pt(τ,0)
C2pt(t,0)

C2pt(t− τ,q)
C2pt(t,q)

−−−−−−−→
t−τ,τ→∞

1√
2Eq

0 (Eq
0 +M)

[
−
q2
z

2M
F̊P (Q2) + (Eq

0 +M)F̊A(Q2)
]

Q2 = |q|2 − (Eq
0 −M)2

Az with qz = 0 =⇒ RAz (t, τ,q)→
√

E
q
0 +M
2Eq

0
g̊A(Q2)

=⇒ No induced pseudoscalar
=⇒ Simplified analysis of F̊A(Q2) = g̊A(Q2)
=⇒ a12m130 ensemble only, Nstate = 3 only

Aaron S. Meyer Section: Backup 39/ 29



Fit Setup
−q, 0 0, t

q, τ

time

so
ur

ce sink

Fit exponential dependence of axial “3-point” functions:

C3pt
Az (t, τ,q) = 〈N (0, t)Az(q, τ)N (−q, 0)〉

∼
∑
mn

z0
n A

q
nm zq†

m e−E
0
n(t−τ)e−E

q
mτ

Towers of excited states m, n depend on momenta injected
Current Az couples to axial, induced pseudoscalar form factors

Overlaps, energies constrained by “2-point” functions
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Az with qz = 0 =⇒ RAz (t, τ,q)→
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=⇒ No induced pseudoscalar
=⇒ Simplified analysis of F̊A(Q2) = g̊A(Q2)
=⇒ a12m130 ensemble only, Nstate = 3 only
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Correlation Function Ratio

−6 −4 −2 0 2 4 6
tins − tsep/2

1.0

1.1

1.2

1.3

1.4

1.5

R
A

3(t
in
s,
t s
ep

)[q
L
/2
π

=
(1
,0
,0

)]

PRELIMINARY

so
ur

ce
si

de
(p
6=

0) sink
side

(p
=

0)

Euclidean time

A
xi

al
m

at
ri

x
el

em
en

t

I Color: source-sink separation time
I Colored bands: fit

I Gray band: g̊A posterior value
I Curvature: excited state contamination
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g̊A(Q2) Correlators
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Axial Form Factor Fit
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dipole MA = 1.285(26) GeV
z expansion kmax = 4 : LQCD (no sum rules)
z expansion kmax = 8 : LQCD
z expansion kmax = 8 : D2

LQCD fit matrix elements

PRELIMINARY - ONE ENSEMBLE

Trend of high-Q2 enhancement seen in other LQCD results
2–4% LQCD uncertainty vs 10% uncertainty on D2 result

TODO list:

I qL/2π = (1, 0, 0) matrix element larger than expectation
I Deep dive into excited states systematics, prior dependence
I More momenta, qz 6= 0, full set of ensembles
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