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Inputs for the nuclear model
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At low energy, the effective degrees of freedom are pions and nucleons:
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 The electromagnetic current is constrained by the Hamiltonian through the continuity equation
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0
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 The above equation implies that the current operator includes one and two-body contributions
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Phenomenological potential: av18 + IL7
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• Argonne v18 is a finite, local, configuration-space potential controlled by ~4300 np and pp 
scattering data below 350 MeV of the Nijmegen database
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• Phenomenological three-nucleon interactions, like the Illinois 7, effectively include the lowest 
nucleon excitation, the ∆(1232) resonance, end other nuclear effects
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The parameters of the AV18 + IL7 are fit to properties of exactly solvable light nuclear systems. 

Phenomenological potentials explicitly include the long-range one-pion exchange interaction 
and a set of intermediate- and short-range phenomenological terms
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Chiral effective field theory
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Δ-less Additional Δ-full Δ-less Additional Δ-full

Exploits the (approximate) broken chiral symmetry of QCD to construct interactions

Le↵ = L(0) + L(1) + L(2)

L(n) ⇠
⇣ q

⇤b

⌘n

~ 1 GeV hard scale 

Contact interactions lead to LEC; 
determined fitting properties of finite 
nuclei

The EFT program consists of the following steps:

Construct the most general Lagrangian consistent with these symmetries

Design an organizational scheme that can distinguish between more and less important terms: 

Identify the soft and hard scale of the problem
~ 100 MeV  soft scale 
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Efforts to provide UQ for interactions
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Posterior predictive distribution
Propagate errors from pdf for  and  to fit observables

Analysis is statistically consistent

Some observables highly correlated

But some are less correlated!

Not necessary to have perfect "bulls-
eyes"- these are pdfs!

!" !#Posteriors from “Fast & Rigorous” [PRC 104, 064001 (2021)]

Posterior predictive distribution 

Truncation error for observables:

Results for  and 

Integrate out : in MCMC this just means plotting only  dimensions

Prior: loose starting assumptions

NNLO shift (recalculated at each )

Posterior: 

Since this is simultaneous with
estimation of , this is what the data
prefer for size of N LO uncertainty
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Posterior for Q and c

Sample pdf with MCMC over 11 NN LECs + cD, cE + Q, c2 à marginalize (integrate out) what you are not considering

Statistically 
consistent!

Posterior for cD and cE

Correlation of 
ρ ≈ 0.96 for 

this χEFT
Hamiltonian 

Tails are not well approximated by 
a Gaussian! (But do look like t’s!)

Frontiers of Uncertainty Quantification for EFTs
Dick Furnstahl

EMMI Hirschegg Meeting,  January 2023

https://www.lenpic.org/

a0!

a1!

0!

BUQEYE Collaboration

Prior!
Posterior!
True value!

https://buqeye.github.io/
Jupyter notebooks here!

https://nuclei.mps.ohio-state.edu/

https://bandframework.github.io/

See also later talks and Frontiers in Physics volume on Uncertainty Quantification in Nuclear Physics

Slides: http://bit.ly/3vTc0IW

S. Wesolowski, et al, PRC 104, 064001 (2021)

Propagate errors throughout the calculation (pdf for cD and cE to fit observables)

WashU group is using MCMC to optimize determination of LEC and provide UQ for the Delta-full chiral 
potentials used in QMC calculations

Formulate statistical models for uncertainties: Bayesian estimates of EFT truncation errors

Full Bayesian approach to constrain parameters (LECs)
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Elementary Input: Form Factors
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FIG. 2. The nucleon axial form factor FA(Q
2) determined us-

ing fits to neutrino-deuteron scattering data using the model-
independent z expansion from Ref. [65] (D2 Meyer et al.)
are shown as a blue band in the top panel. LQCD results
are shown for comparison from Ref. [30] (LQCD Bali et al.,
green), Ref. [34] (LQCD Park et al., red) and Ref. [35] (LQCD
Djukanovic et al., purple). Bands show combined statistical
and systematic uncertainties in all cases, see the main text
for more details. A dipole parameterization with MA = 1.0
GeV and a 1.4% uncertainty [107] is also shown for compari-
son (black). The lower panel shows the absolute value of the
di↵erence between D2 Meyer et al. and LQCD Bali et al.
results divided by their uncertainties added in quadrature,
denoted �FA/�; very similar results are obtained using the
other LQCD results.

factor results determined from experimental neutrino-
deuteron scattering data in Ref. [65]. Fits were performed
using results with Q

2
 1 GeV2 in Refs. [30, 34, 65] and

with Q
2
 0.7 GeV2 in Ref. [35] with the parameteri-

zation provided by the z expansion used to extrapolate
form factor results to larger Q

2. Clear agreement be-
tween di↵erent LQCD calculations can be seen. However,
the LQCD axial form factor results are 2-3� larger than
the results of Ref. [65] for Q

2 & 0.3 GeV2. The e↵ects of
this form factor tension on neutrino-nucleus cross section
predictions is studied using nuclear many-body calcula-
tions with the GFMC and SF methods in Sec. IV below.
The LQCD results of Refs. [30, 34] lead to nearly in-
distinguishable cross-section results that will be denoted
“LQCD Bali et al./Park et al.” or “LQCD” below and
used for comparison with the deuterium bubble-chamber
analysis of Ref. [65], denoted “D2 Meyer et al.” or “D2”
below.

IV. FLUX-AVERAGED CROSS SECTION
RESULTS

To evaluate both the nuclear model and nucleon axial
form factor dependence of neutrino-nucleus cross-section
predictions and their agreement with data, the GFMC
and spectral function methods are used to predict flux-
averaged cross sections that can be compared with data
from the T2K and MiniBooNE experiments. The Mini-
BooNE data for this comparison is a double di↵eren-
tial CCQE measurement where the main CC1⇡+ back-
ground has been subtracted using a tuned model [13],
and the T2K data is a double di↵erential CC0⇡ measure-
ment [114]. Muon neutrino flux-averaged cross sections
were calculated from

d�

dTµd cos ✓µ

=

Z
dE⌫�(E⌫)

d�(E⌫)

dTµd cos ✓µ

, (43)

where �(E⌫) are the normalized ⌫µ fluxes from Mini-
BooNE and T2K. Details on the neutrino fluxes for
each experiment can be found in the references above.

d�(E⌫)
dTµd cos ✓µ

are the corresponding inclusive cross sections

computed using the GFMC and SF methods as described
in Sec. II.

The fractional contribution of the axial form factor
to the one-body piece of the MiniBooNE flux-averaged
cross section is determined by including only pure axial
and axial-vector interference terms in the cross section
and shown in Fig. 3. These pure axial and axial-vector
interference terms account for half or more of the to-
tal one-body cross section for most Tµ and cos ✓µ, which
emphasizes the need for an accurate determination of the
nucleon axial form factor.

Figures 4 and 5 show the GFMC and SF predictions for
MiniBooNE and T2K, respectively, including the break-
down into one-body and two-body contributions. For
these comparisons we use the D2 Meyer et al. z expan-
sion for FA. Two features of the calculations should be
noted before discussing the results of these comparisons.
First, the uncertainty bands in the SF come only from the
axial form factor, while the GFMC error bands include
axial form factor uncertainties as well as a combination
of GFMC statistical errors and uncertainties associated
with the maximum-entropy inversion. Secondly, the axial
form factor enters into the SF only in the one-body term,
in contrast to the GFMC prediction where it enters into
both the one-body and one and two-body interference
term.

Below in Table I we quantify the di↵erences between
GFMC and SF predictions for both MiniBooNE and
T2K. The percent di↵erence in the di↵erential cross sec-
tions at each model’s peak are shown. The GFMC predic-
tions are up to 20% larger in backwards angle regions for
MiniBooNE and 13% larger for T2K in the same back-
ward region. The agreement between GFMC and SF
predictions is better at more forward angles but a 5-10%
di↵erence persists.
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in contrast to the GFMC prediction where it enters into
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Different determinations of nucleon axial form factor 
using the z-expansion

D2 Meyer et al: fits to neutrino-deuteron scattering data

LQCD result: general agreement between the different 
calculations

LQCD results are 2-3σ larger than D2 Meyer ones for 
Q2 > 0.3 GeV2

Standard parametrization of the axial form factor:
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is in contrast with the nucleon vector form factors in
Eq. (12), which can be precisely determined using high-
statistics electron scattering experiments [101–105]. Cur-
rent experimental constraints on nucleon axial form fac-
tors come from beta decay measurements, neutrino scat-
tering on nuclear targets, and pion electroproduction [4–
8, 10–12, 64, 65]. These give weak constraints on FA

in comparison to the vector form factors, as beta decay
is only sensitive the absolute normalization gA = FA(0)
and neutrino scattering and pion electroproduction ex-
periments are limited by both statistics and nuclear mod-
eling uncertainties.

As LQCD calculations of nucleon form factors ma-
ture [27, 28, 30–35], it becomes increasingly important to
quantify the level of axial form factor precision required
to achieve a given level of neutrino-nucleus cross-section
accuracy. This is challenging because axial form factor
e↵ects on flux-averaged neutrino-nucleus cross sections
can be di�cult to disentangle from nuclear e↵ects such
as two-body currents, as evident for example in the dif-
ferences between theoretical descriptions of MiniBooNE
data with either an unexpectedly slow fallo↵ of the ax-
ial form factor with increasing momentum transfer [13]
or with larger than anticipated contributions from two-
body current e↵ects [15–21]. This ambiguity between
one- and two-body current e↵ects on flux-averaged cross
sections makes it essential to quantify the role of the nu-
cleon axial form factor in neutrino-nucleus cross-section
calculations using nuclear e↵ective theories that provide
a consistent theoretical decomposition between one- and
two-body current contributions. The remainder of this
section discusses how to quantify nucleon axial form fac-
tor e↵ects on neutrino-nucleus cross-section calculations
based on the model-independent z expansion and how to
estimate nucleon axial form faction precision needs us-
ing the GFMC and spectral function methods discussed
above.

A. Parametrization

Historically a dipole parametrization has often been
used for the axial form factor

FA(Q2) =
gA

(1 + Q2/M2
A
)2

, (33)

where gA = 1.2723(23) has been measured from neutron
beta decay [106], and MA = 1.014 ± 0.014 GeV [107].
However, this one-parameter form is not expressive
enough to describe the shape of the axial form factor pre-
dicted by QCD. It has been demonstrated in Refs. [64, 65]
that assuming that the dipole parameterization is valid
when fitting to experimental results can lead to form fac-
tor fits with uncertainties that are underestimated by a
factor of ⇠ 5 in comparison to those determined using
fits based o↵ a model-independent z expansion.

Axial form factors in QCD are analytic functions of
Q

2 for Q
2 = �t > �tc, where tc is the location of the

t-channel cut, which enables an analytic function z(Q2)
to be defined as [62–64]

z(Q2) =

p
tc + Q2 �

p
tc � t0p

tc + Q2 +
p

tc � t0

, (34)

where t0 is an arbitrary parameter whose choice is dis-
cussed in Sec. III B below. For FA the cut starts at
tc = 9m

2
⇡
. Because |z| < 1, the axial form factor can

be expanded as a power series in z(Q2) for the Q
2

> 0
domain of interest for neutrino-nucleus scattering,

FA(Q2) =
1X

k=0

ak z(Q2)k
⇡

kmaxX

k=0

ak z(Q2)k
, (35)

where the z expansion coe�cients ak include nucleon
structure information and kmax is a truncation parame-
ter required to make the number of expansion parameters
finite. The parameter a0 can be fixed by the sum rule

kmaxX

k=0

akz(0)k = gA. (36)

Constraints on the ak are also obtained by enforcing the
correct large Q

2 behavior of the axial form factor, which
is predicted by perturbative QCD to be Q

�4 up to loga-
rithmic corrections [108]. This asymptotic Q

�4 behavior
can be enforced by demanding that FA(Q2) and its first
three derivatives with respect to 1/Q vanish for asymp-
totically large Q

2, corresponding to z = 1, which is equiv-
alent to

d
n

dzn
FA

����
z=1

= 0 ; n = 0, 1, 2, 3, (37)

and therefore leads to the sum rules [109]

kmaxX

k=n

k!

(k � n)!
ak = 0 ; n = 0, 1, 2, 3. (38)

In practice, these constraints can be satisfied by first de-
termining the kmax and a1, . . . , akmax preferred by a fit to
data (with a0 either treated as an additional independent
parameters or as being fixed by the constraint Eq. (36)),
and then replacing kmax with kmax + 4 and solving for
the four unconstrained coe�cients using Eq. (38). The
remaining ak must then be fixed by information on the
Q

2-dependence of the axial form factor determined the-
oretically using LQCD calculations or experimentally by
fitting neutrino-nucleus scattering and/or pion electro-
production data.

The z expansion can be used to provide a model-
independent definition of the dependence of neutrino-
nucleus cross-section uncertainties on nucleon axial form
factor uncertainties. Any function �(FA, X) that de-
pends on the axial form factor, as well as any number
of additional independent form factors and parameters

Dipole: with 
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As LQCD calculations of nucleon form factors ma-
ture [27, 28, 30–35], it becomes increasingly important to
quantify the level of axial form factor precision required
to achieve a given level of neutrino-nucleus cross-section
accuracy. This is challenging because axial form factor
e↵ects on flux-averaged neutrino-nucleus cross sections
can be di�cult to disentangle from nuclear e↵ects such
as two-body currents, as evident for example in the dif-
ferences between theoretical descriptions of MiniBooNE
data with either an unexpectedly slow fallo↵ of the ax-
ial form factor with increasing momentum transfer [13]
or with larger than anticipated contributions from two-
body current e↵ects [15–21]. This ambiguity between
one- and two-body current e↵ects on flux-averaged cross
sections makes it essential to quantify the role of the nu-
cleon axial form factor in neutrino-nucleus cross-section
calculations using nuclear e↵ective theories that provide
a consistent theoretical decomposition between one- and
two-body current contributions. The remainder of this
section discusses how to quantify nucleon axial form fac-
tor e↵ects on neutrino-nucleus cross-section calculations
based on the model-independent z expansion and how to
estimate nucleon axial form faction precision needs us-
ing the GFMC and spectral function methods discussed
above.

A. Parametrization

Historically a dipole parametrization has often been
used for the axial form factor

FA(Q2) =
gA

(1 + Q2/M2
A
)2

, (33)

where gA = 1.2723(23) has been measured from neutron
beta decay [106], and MA = 1.014 ± 0.014 GeV [107].
However, this one-parameter form is not expressive
enough to describe the shape of the axial form factor pre-
dicted by QCD. It has been demonstrated in Refs. [64, 65]
that assuming that the dipole parameterization is valid
when fitting to experimental results can lead to form fac-
tor fits with uncertainties that are underestimated by a
factor of ⇠ 5 in comparison to those determined using
fits based o↵ a model-independent z expansion.

Axial form factors in QCD are analytic functions of
Q

2 for Q
2 = �t > �tc, where tc is the location of the

t-channel cut, which enables an analytic function z(Q2)
to be defined as [62–64]

z(Q2) =

p
tc + Q2 �

p
tc � t0p

tc + Q2 +
p

tc � t0

, (34)

where t0 is an arbitrary parameter whose choice is dis-
cussed in Sec. III B below. For FA the cut starts at
tc = 9m

2
⇡
. Because |z| < 1, the axial form factor can

be expanded as a power series in z(Q2) for the Q
2

> 0
domain of interest for neutrino-nucleus scattering,

FA(Q2) =
1X

k=0

ak z(Q2)k
⇡

kmaxX

k=0

ak z(Q2)k
, (35)

where the z expansion coe�cients ak include nucleon
structure information and kmax is a truncation parame-
ter required to make the number of expansion parameters
finite. The parameter a0 can be fixed by the sum rule

kmaxX

k=0

akz(0)k = gA. (36)

Constraints on the ak are also obtained by enforcing the
correct large Q

2 behavior of the axial form factor, which
is predicted by perturbative QCD to be Q

�4 up to loga-
rithmic corrections [108]. This asymptotic Q

�4 behavior
can be enforced by demanding that FA(Q2) and its first
three derivatives with respect to 1/Q vanish for asymp-
totically large Q

2, corresponding to z = 1, which is equiv-
alent to

d
n

dzn
FA

����
z=1

= 0 ; n = 0, 1, 2, 3, (37)

and therefore leads to the sum rules [109]

kmaxX

k=n

k!

(k � n)!
ak = 0 ; n = 0, 1, 2, 3. (38)

In practice, these constraints can be satisfied by first de-
termining the kmax and a1, . . . , akmax preferred by a fit to
data (with a0 either treated as an additional independent
parameters or as being fixed by the constraint Eq. (36)),
and then replacing kmax with kmax + 4 and solving for
the four unconstrained coe�cients using Eq. (38). The
remaining ak must then be fixed by information on the
Q

2-dependence of the axial form factor determined the-
oretically using LQCD calculations or experimentally by
fitting neutrino-nucleus scattering and/or pion electro-
production data.

The z expansion can be used to provide a model-
independent definition of the dependence of neutrino-
nucleus cross-section uncertainties on nucleon axial form
factor uncertainties. Any function �(FA, X) that de-
pends on the axial form factor, as well as any number
of additional independent form factors and parameters

Jµ
A = ��µ�5FA � qµ�5

FP

M
• Axial one-body contribution:
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Many-Body method: GFMC

7

QMC techniques projects out the exact lowest-energy state: e�(H�E0)⌧ | T i ! | 0i

Nuclear response function involves evaluating a number of transition amplitudes. 

Valuable information can be obtained from the integral transform of the response function

E↵�(�,q) =

Z
d!K(�,!)R↵�(!,q) = h 0|J†

↵(q)K(�, H � E0)J�(q)| 0i

Inverting the Laplace transform is a complicated problem A. Lovato et al, PRL117 (2016), 082501, 
PRC97 (2018), 022502 
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FIG. 7. Double-di↵erential electron-4He cross sections for di↵erent values of incident electron energy and scattering angle.
The green and blue lines correspond to GFMC calculation were only one- body and one- plus two-body contributions in the
electromagnetic currents are accounted for. The red line indicates one plus two-body current results obtained in the ANB
frame, employing the two-body fragment model to account for relativistic kinematics. The experimental data are taken from
Ref. [47].
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FIG. 7. Double-di↵erential electron-4He cross sections for di↵erent values of incident electron energy and scattering angle.
The green and blue lines correspond to GFMC calculation were only one- body and one- plus two-body contributions in the
electromagnetic currents are accounted for. The red line indicates one plus two-body current results obtained in the ANB
frame, employing the two-body fragment model to account for relativistic kinematics. The experimental data are taken from
Ref. [47].

Inclusive results which are virtually correct in the QE 

Relies on non-relativistic treatment of the kinematics

Different Hamiltonians can be used in the time-
evolution operator

Can not handle explicit pion degrees of freedom
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• The single-nucleon overlap has been computed within 
VMC ( center of mass motion fully accounted for)
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• Written in terms of two-body momentum distribution
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• e -4He: inclusive cross section

�����
����
����
����

� ��� ��� ��� ��� ���

ԓᅼ�ԓဇԓ
ᆂ(M#fb

`
J

2o
)

ᆂ(J2o)

Ӻր � ��� J2o- ᅲր � ���� /2;

2tT
a6 R#

:6J* Rk#
:6J* Rk# `2H

��������������
������������

� ��� ��� ��� ��� ��� ���
ԓᅼ�ԓဇԓ

ᆂ(M#fb
`

J
2o

)

ᆂ(J2o)

Ӻր � ���� J2o- ᅲր � ���� /2;

2tT
a6 R#

:6J* Rk#
:6J* Rk# `2H

Comparing different many-body methods

• Comparisons among GFMC, and SF approach: first step to precisely quantify the uncertainties 
inherent to the factorization of the final state. 

• Gauge the role of relativistic effects in the energy region relevant for neutrino experiments. 
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Study of model dependence in neutrino predictions

10

MiniBooNE results; breakdown into one- and two-body contributions for the SF and GFMC

13

MiniBooNE 0.2 < cos ✓µ < 0.3 0.5 < cos ✓µ < 0.6 0.8 < cos ✓µ < 0.9
SF Di↵erence in d�peak (%) 16.3 17.1 9.3

GFMC Di↵erence in d�peak (%) 18.6 17.1 12.2

T2K 0.0 < cos ✓µ < 0.6 0.80 < cos ✓µ < 0.85 0.94 < cos ✓µ < 0.98
SF di↵erence in d�peak (%) 15.3 8.2 3.3

GFMC di↵erence in d�peak (%) 15.8 8.0 4.6

TABLE II. Percent increase in d�
dTµd cos ✓µ

at the quasielastic peak between predictions using LQCD Bali et al./Park et al.

z expansion versus D2 Meyer et al. z expansion nucleon axial form factor results.
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dipole parameterization of FA as well as modified dipole
parameterizations of C

A

5 , and therefore it is possible that
these uncertainties are still underestimated. Even less is
known about the uncertainty in determining ⇤R [89]. A
15% variation in either C

A

5 (0) or ⇤R changes the flux-
averaged cross section by roughly 5%, and it will there-
fore be important to obtain more information on these
parameters in order to achieve few-percent precision on
cross-section predictions.

Focusing now on FA, Figs. 7 and 8 compare flux-
averaged cross sections with di↵erent axial form factor
determinations: a dipole form factor with MA = 1.0
GeV, the D2 Meyer et al. z expansion, and the LQCD
Bali et al./Park et al. z expansion. One can see that

the LQCD z expansion increases the normalization of
the cross section across the whole phase space, with sig-
nificantly more enhancement in the bins of low cos ✓µ

corresponding to backward angles and higher Q
2. This

is quantified in Table II, which shows the percentage dif-
ference in the peak values of d�

dTµd cos ✓µ
for the LQCD

and D2 z expansion results. The LQCD prediction in-
creases the peak cross section between 10-20%, with the
discrepancy growing at backwards angles.

To investigate the sensitivity of the flux-averaged dif-
ferential cross section to variations in the axial form fac-
tor, derivatives of the MiniBooNE cross section with re-
spect to the model-independent z expansion parameters
ak are computed as described in Sec. III A. Figure 9
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FIG. 8. The ⌫µ flux-averaged di↵erential cross sections for T2K. Details are as in Fig. 7.

FIG. 9. Percent change in peak value of MiniBooNE flux-averaged cross section for 0.5 < cos ✓µ < 0.6 vs. percent change in
the z expansion parameters ak. Results are shown for predictions using SF (black) and GFMC (blue) methods, including the
slopes extracted from linear fits.

shows the percent di↵erences in flux-averaged cross sec-
tions evaluated at the quasielastic peak that have been
computed using both GFMC and SF methods after in-
dependently varying each ak by ±5, 10%. The slopes of
the resulting linear fits provide model-independent deter-
minations of the sensitivity of the peak cross section to
variations in FA. It is clear that the impact of varying

each ak decreases as k increases, as expected since the
contribution of each ak is suppressed by the k-th power
of z(Q2) < 1. In particular, a 10% change in a0 results
in a 10% change to the peak cross section, while a 10%
change in a1 results in a 1% change in the peak cross
section, and 10% variation of ak with k � 2 leads to
sub-percent changes in the peak cross section. It is note-
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MiniBooNE 0.2 < cos ✓µ < 0.3 0.5 < cos ✓µ < 0.6 0.8 < cos ✓µ < 0.9
GFMC/SF di↵erence in d�peak (%) 22.8 20.3 5.6

T2K 0.0 < cos ✓µ < 0.6 0.80 < cos ✓µ < 0.85 0.94 < cos ✓µ < 0.98
GFMC/SF di↵erence in d�peak (%) 13.4 7.3 10.0

TABLE I. Di↵erence in value of d�(E⌫)
dTµd cos ✓µ

at the quasielastic peak computed using GFMC and SF methods for MiniBooNE

and T2K flux-averaged double-di↵erential cross sections.

FIG. 4. Breakdown into one- and two-body current contributions of the ⌫µ flux-averaged di↵erential cross sections for Mini-
BooNE: 1b and 2b denotes one- and two-body current contributions while 12b denotes the total sum of these contributions.
The top panel shows Spectral Function predictions in three bins of cos ✓µ with the one-body contributions in orange, two-body
contributions in red, and the total in blue. The lower panel shows GFMC predictions with the same breakdown between one-
and two-body current contributions, although the two-body results include interference e↵ects only in the GFMC case. The
D2 Meyer et al. z expansion results for FA are used in both cases [65].

122] and pioneering LQCD calculations [118, 123], and
⇤R, which is a parameter that renormalizes the self en-
ergy of the �. These parameters have been chosen be-
cause they a↵ect the � piece of the two-body current,
which we have seen provides the largest contribution, as
well as because they are highly unconstrained.

contributions to neutrino-nucleus cross sections from C6 are sup-
pressed by lepton masses and therefore sub-dominant. A relation
between C6 and C5 analogous to Eq. (8) is also predicted by lead-
ing order chiral perturbation theory. See Refs. [85, 119] for more
details.

Each parameter was varied by ±5, 10% and the e↵ect
on the flux-averaged cross section at the peak of the two-
body contribution was computed. The e↵ect can be seen
in Fig. 6 where we have plotted the percent change in
the MiniBooNE cross section versus the percent change
in each parameter for 0.5 < cos ✓µ < 0.6, Tµ = 325 MeV.
This was fit to a line so that as in Sec. IIIA the ex-
tracted slope is an estimate of the derivative of the cross
section with respect to each parameter. The derivative
with respect to C

A

5 (0) is estimated to be 0.31, mean-
ing that achieving a given cross-section uncertainty re-
quires C

A

5 (0) to be known with . 3 times that uncer-
tainty. A similar though slightly smaller slope of 0.29 is
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FIG. 5. Breakdown into one- and two-body current contributions of the ⌫µ flux-averaged di↵erential cross sections for T2K.
The color code is as in Fig. 4.

FIG. 6. Percent change in the value of the MiniBooNE flux-averaged cross section for 0.5 < cos ✓µ < 0.6 vs. percent change in
two parameters describing � resonance production and decay entering calculations of two-body current (MEC) e↵ects: CA

5 (Q2)
is the dominant N ! � transition form factor, and ⇤R renormalizes the self energy of the � as described in Sec. II B.

found for ⇤R. Current extractions of C5(0) rely on single
pion production data from deuterium bubble chamber
experiments [10–12], and due to limited statistics model
assumptions on the relations between N ! � transition
form factors are typically included to reduce the number

of fit parameters. Depending on the model assumptions
used, the resulting uncertainty on C5(0) is estimated
to be 10-15% in the analysis of Ref. [122], with similar
though slightly less conservative uncertainties estimated
in Refs. [85, 121]. Note that all of these analysis assume a
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Nuclear Hamiltonians: different efforts in place to provide UQ in chiral EFT

Different sources of uncertainties can be considered:

Form factors: one- and two-body currents. 

Error of factorizing the hard interaction vertex / using a non relativistic approach

These errors need to be consistently propagated / combined through the intra-nuclear cascade

At the level of event generators: reweighting procedures only allow one to propagate a subset of 
model uncertainties. We want to simulate the entire process using different inputs without 
resorting to event-reweighting techniques. This requires highly optimized codes
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