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“We ask the PAC to comment on progress and 
plans towards improving the understanding and 
modeling on nuclear physics effects, particularly 
those effects that are of relevance to the future 
neutrino oscillation program.”

I will discuss several efforts that are underway.  Most are 
based at Fermilab or have significant Fermilab involvement.
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Overview

1) Neutrino interaction physics

3) NUSTEC 

2) Fermilab Theory Experiment Working Group

4) Elementary amplitudes

6) Community building

5) Radiative corrections at the intensity frontier
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why bother with neutrino interactions?  Isn’t this too hard/
too different/ somebody else’s problem? 

1. Neutrino interaction physics
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86 4 Neutrino Mixing, Mass Hierarchy, and CP Violation

baseline, there is no degeneracy between matter and CP asymmetries at the first oscillation node
where the LBNE neutrino beam spectrum peaks. The wide coverage of the oscillation patterns
enables the search for physics beyond the three-flavor model because new physics effects may
interfere with the standard oscillations and induce a distortion in the oscillation patterns. As a
next-generation neutrino oscillation experiment, LBNE aims to study in detail the spectral shape
of neutrino mixing over the range of energies where the mixing effects are largest. This is crucial
for advancing the science beyond the current generation of experiments, which depend primarily
on rate asymmetries.
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Figure 4.1: The simulated unoscillated spectrum of ‹µ events from the LBNE beam (black histogram)
overlaid with the ‹µ æ ‹e oscillation probabilities (colored curves) for different values of ”CP and normal
hierarchy.

The LBNE reconfiguration study [25] determined that the far detector location at the Sanford
Underground Research Facility provides an optimal baseline for precision measurement of neutrino
oscillations using a conventional neutrino beam from Fermilab. The 1,300≠km baseline optimizes
sensitivity to CP violation and is long enough to resolve the MH with a high level of confidence,
as shown in Figure 2.7.

Table 4.1 lists the beam neutrino interaction rates for all three known species of neutrinos as ex-
pected at the LBNE far detector. This table shows only the raw interaction rates using the neutrino
flux from the Geant4 simulations of the LBNE beamline and the default interaction cross sections
included in the GLoBeS package [130] with no detector effects included. A tunable LBNE beam
spectrum, obtained by varying the distance between the target and the first focusing horn (Horn 1),
is assumed. The higher-energy tunes are chosen to enhance the ‹· appearance signal and improve
the oscillation fits to the three-flavor paradigm. To estimate the NC event rates based on visible
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overlaid with the ‹µ æ ‹e oscillation probabilities (colored curves) for different values of ”CP and normal
hierarchy.

The LBNE reconfiguration study [25] determined that the far detector location at the Sanford
Underground Research Facility provides an optimal baseline for precision measurement of neutrino
oscillations using a conventional neutrino beam from Fermilab. The 1,300≠km baseline optimizes
sensitivity to CP violation and is long enough to resolve the MH with a high level of confidence,
as shown in Figure 2.7.
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pected at the LBNE far detector. This table shows only the raw interaction rates using the neutrino
flux from the Geant4 simulations of the LBNE beamline and the default interaction cross sections
included in the GLoBeS package [130] with no detector effects included. A tunable LBNE beam
spectrum, obtained by varying the distance between the target and the first focusing horn (Horn 1),
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long baseline neutrino oscillation experiment is difficult in 
practice:

simple picture is complicated by

- intrinsic νe component of beam

- degeneracy of uncertainty in detector response and 
neutrino interaction cross sections

- imperfect energy reconstruction

- νe versus νμ cross section differences 
need theory for σνe/σνμ, at ~% precision of measurement

and also 

- beam divergence and oscillation (near flux≠far flux)
aided by near detector but 

need theory for σνμ, at a precision depending on the 
experimental capabilities
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short baseline oscillation searches: important to constrain and 
measure backgrounds

MiniBooNE 

MicroBooNE (e) MicroBooNE (γ)

} γ background vs. e- signal
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current paradigm: 

constrain neutrino interactions by 
- determining nucleon level amplitudes 
- parameterizing/measuring/calculating nuclear 

modifications

folk paradigms: 
constrain neutrino interactions by 
- starting at the quark level
- computing nuclear response

constrain neutrino interactions by 
- starting directly at the nuclear level
- parameterizing and measuring every cross section

“perfect theory”

“perfect expt.”
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2. Fermilab Theory Experiment Working Group
  

Group of people representing theory, experiment and event 
generators.  Concentrated at Fermilab, concentrating on 
neutrino-nucleus interactions
M. Betancourt, S. Brice, J. Campbell, M. Carena, P. Coloma, A. Furmanski, 
W. Giele, D. Harris, R. Hill, A. Kronfeld, S. Mrenna, J. Morfin, M. Muether, 
J. Paley, S. Parke, G. Perdue, S. Prestel, A. Schukraft, R. Van De Water, D. 
Wackeroth, G. Zeller, …

fermilab listserv NEUTRINO-THEO-EXPE

meet ~monthly to discuss progress and new ideas
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Working group:  who’s involved

• working people includes Fermilab staff, distinguished 
scholars, NPC fellows, and Intensity Frontier Fellows (IFFs)

• involvement of Neutrino Physics Center, Fermilab and 
several other institutions

• three IFFs coming next year: S. Dytman (GENIE 
development), S. Pastore (nuclear ab initio), H. Haider (DIS, 
theory/generator interface)
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Working group:  what’s involved

focus topics:

• interfacing theory and generators (GENIE)
lattice QCD; nuclear models; software interfaces from 
QCD collider physicists

• radiative corrections and nue/numu cross section differences

• modeling (deep, shallow) inelastic scattering

• interplay of neutrino interactions and phenomenology

• …

ν - e scattering; signal definitions including radiation; 
structure-dependent corrections

→ subgroups to work on each topic
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3. NUSTEC
  

Theorists
▪ Luis Alvarez Ruso (co-spokesperson, IFIC, Valencia, Spain)
▪ Mohammad Sajjad Athar (Aligarh Muslim University, Aligarh, India)
▪ Maria Barbaro (University of Turin, Turin, Italy)
▪ Omar Benhar (Sapienza University of Rome, Rome, Italy)
▪ Richard Hill (University of Kentucky and Fermilab, USA)
▪ Patrick Huber (Center for neutrino physics, Virginia Tech, Blacksburg, VA, USA)
▪ Natalie Jachowicz (Ghent University, Ghent, Belgium)
▪ Andreas Kronfeld (Fermilab, IL, USA)
▪ Marco Martini (IRFU Saclay, Saclay, France)
▪ Toru Sato (Osaka, University, Osaka, Japan)
▪ Rocco Schiavilla (Old Dominion University and Jefferson Lab, Norfolk, VA, USA)
▪ Jan Sobczyk (nuWro representative, University of Wroclaw, Wroclaw, Poland)

Experimentalists

	 ▪	 Sara Bolognesi (CEA-IRFU, Saclay, France)

	 ▪	 Steve Brice (Fermilab, IL, USA)

	 ▪	 Raquel Castillo Fernández (Fermilab, IL, USA)

	 ▪	 Dan Cherdack (Colorado State University, Fort Collins, CO, USA)

	 ▪	 Steve Dytman (University of Pittsburgh, Pittsburgh, PA, USA)

	 ▪	 Andy Furmanski (University of Manchester, UK)

	 ▪	 Yoshinari Hayato (NEUT representative, ICRR, Univ. Tokyo, Japan)

	 ▪	 Teppei Katori (Queen Mary University of London, UK)

	 ▪	 Kendall Mahn (Michigan State University, East Lansing, MI, USA)

	 ▪	 Camillo Mariani (Center for neutrino physics, Virginia Tech, Blacksburg, VA, USA)

▪ Jorge G. Morfin (co-spokesperson, Fermilab, IL, USA)


	 ▪	 Ornella Palamara (Fermilab, IL, USA)

	 ▪	 Jon Paley (Fermilab, IL, USA)

	 ▪	 Roberto Petti (University of South Carolina, Columbia, SC, USA)

	 ▪	 Gabe Perdue (GENIE representative, Fermilab, IL, USA)

	 ▪	 Federico Sanchez (IFAE, Autonomous University of Barcelona, Barcelona, Spain)

	 ▪	 Sam Zeller (Fermilab, IL, USA)

Collaboration promoting and coordinating efforts between 
theorists/experimentalists/generator builders

NUSTEC:  who’s involved

broad, international, membership 

http://webific.ific.uv.es/web/en/content/alvarez-ruso-luis
http://www.amu.ac.in/dshowfacultydata2.jsp?did=1&eid=103
http://fisica.campusnet.unito.it/do/docenti.pl/Show?_id=mbbarbar
http://server2.phys.uniroma1.it/gr/HETG/staff/Benhar_page.html
http://www.phys.vt.edu/~pahuber/
https://telefoonboek.ugent.be/en/people/801001085144
http://home.fnal.gov/~ask/research.html
https://scholar.google.fr/citations?user=NZnG3PAAAAAJ&hl=en
https://www.phys.sci.osaka-u.ac.jp/en/research_groups/group/02-3_asakawa/sato/index.html
https://www.odu.edu/directory/people/r/rschiavi
http://borg.ift.uni.wroc.pl/js/
http://borg.ift.uni.wroc.pl/nuwro/
http://hep.colostate.edu/~dcherdack/website_files/Contact_Info.html
http://www.physicsandastronomy.pitt.edu/people/steven-dytman
http://www.hep.manchester.ac.uk/u/furmanski/
http://db.ipmu.jp/member/personal/789en.html
http://pprc.qmul.ac.uk/directory/t.katori
https://www.pa.msu.edu/profile/mahn
http://www.phys.vt.edu/people/mariani.shtml
http://www.physics.sc.edu/roberto-petti
http://home.fnal.gov/~perdue/
http://genie.hepforge.org/
http://home.fnal.gov/~gzeller/
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NUSTEC:  what’s involved
• workshops

- NuInt conference series 
(~every 18 months). 

- smaller topic-specific 
workshops 

• school

- theorists/experimentalists 
+/- few years from Ph.D. 

	 ▪	 2017, NuSTEC school, November 7-15, Fermilab, USA

	 ▪	 2015, NuSTEC School, November 8-14, Okayama University, Japan

	 ▪	 2014, NuSTEC School, October 20-30, Fermilab, USA

	 ▪	 2014, NuSTEC MC School, May 14-16, Liverpool, UK

	 ▪	 NuInt17, June 25-30 2015, University of Toronto, Canada

	 ▪	 NuInt15, Nov. 16-21 2015, Osaka University, Osaka, Japan

	 ▪	 NuInt14, May 9-24 2014, Selsdon PArk Hotel, Surrey, UK

	 ▪	 NuInt12, Oct. 22-27 2012, CBPF, Rio De Janeiro, Brazil

	 ▪	 NuInt11, Mar. 7-11 2011, Dehradun, India

	 ▪	 NuInt09, May 18-22 2009, Sitges, Spain

	 ▪	 NuInt07, May 3-June 3 2007, Fermilab, USA

	 ▪	 NuInt05, Sep. 26-29 2005, Okayama university, Okayama, Japan

	 ▪	 NuInt04, Mar. 17-21 2004, Gran Sasso, Italy

	 ▪	 NuInt02, Dec. 12-15 2002, UC Irvine, Irvine, USA

	 ▪	 NuInt01, Dec. 13-16 2001, KEK, Japan

• future goals also include direct support of generators, global fits 

• white paper
- “Status and Challenges of Neutrino-Nucleus Scattering”

arXiv:1706.03621

http://nustec.fnal.gov/school2017/
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=71
http://nustec2014.phys.vt.edu/
http://school.genie-mc.org/
https://nuint2017.physics.utoronto.ca/
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=46
http://nuint14.iopconfs.org/home
https://indico.fnal.gov/conferenceDisplay.py?confId=5361
http://conferences.fnal.gov/nuint07/
http://nuint04.lngs.infn.it/
http://neutrino.kek.jp/nuint01/
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4. Elementary amplitude workshop
  

“Elementary amplitudes for the neutrino scattering program”

INT, Seattle 
June 2018 (TBC)

w/ M. Betancourt (FNAL), S. Pastore (LANL) 

part of a larger INT program organized by S. Bacca (Mainz/
TRIUMF), RJH, D. Phillips (Ohio), S. Pastore (LANL)

• may be a NUSTEC workshop 

• may present work from Theory-Expt WG
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Elementary amplitudes workshop:  motivation

• neutrino nucleus cross sections rely on nucleon-level inputs

• critical inputs rely on 70’s era 
bubble chamber data: 
pioneering but not designed to 
underpin today’s neutrino 
program

Fermilab 15-foot deuterium bubble 
chamber, PRD 28, 436 (1983)

28 HIGH-ENERGY QUASIELASTIC v„n ~@ p SCATTERING IN. . . 439

80

60
Ot

P co.

h4, =1.05 GeV

tion, the following assumptions are made: (1) time-
reversal invariance and charge symmetry, (2) partially con-
served axial-vector current (PCAC} for the small pseudo-
scalar term, and (3) isotriplet-conserved-vector-current
(CVC) hypothesis.
The first assumption, which requires all form factors to

be real, yields Eq——F~——0, leading to the absence of second
class currents. With the second assumption, Fp(Q ) is
given by

20-

Fp(Q )=2M Fg(Q~)/(Q +m ),
where

'0 2
Q' (Gev')

FICx. S. The Q distribution for the selected quasielastic
events. The solid curve represents the differential cross section
of quasielastic scattering for the neutron in deuteron.

Q'= (P —P„)'—(E„—E„)' .
The contribution to the cross section from this term in the
energy region E„&5 GeV is less than 0.1%, and conse-
quently this term is neglected. The third assumption re-
lates Fz and Fz to the isovector Sachs electric and mag-
netic form factor, Gz and G~ determined from electron-
scattering experiments as follows:

near /=0 . The shaded area corresponds to the addition-
al events found from the rescan. Using the average of the
events with P between —90 and 126 (dashed line), we
calculated the event bias to be S%%uo. This does not neces-
sarily represent the true loss of events because of the
three-point plot per event. We examined the true event
loss from the event bias in Fig. 4 by using a Monte Carlo
simulation. This event loss amounts to 8% and is not
recovered by rescanning (shaded area). Hence, a correc-
tion of 1.08+0.05 has been made to the data independent
of scanning efficiency.
Figure 5 shows the Q distribution for the quasielastic

events. The curve in Fig. 5 is the best fit obtained by us-
ing the prediction of the differential cross section for reac-
tion (2) with M~ ——1.05 GeV which was obtained from
this experiment (see Sec. III). The X value from this ftt
was found to be 15 for 20 data points for Q between 0.1
and 3 GeV . Comparing the observed Q distribution to
the fitted curve, the correction factor for Q &0.1 GeV2 is
estimated to be 1.10+0.02. The overall correction factor
including scanning-measuring efficiency is 1.34+0.07.
We note that this correction factor influences the value of
the neutrino flux but not the Mz value, because we use a
flux-independent method to determine Mq.

III. MEASUREMENT OF THE FORM FACTOR

2 2
Fy(Q') = G~(Q')+ — G (Q') 1+

4M 4M

2
' —1

Ff(Q )=[6M(Q )—GE(Q )]g ' 1+
4M

2
' —2

GE(Q }=6M(Q }(1+/) =A(Q ) 1+
My

where M~ is the vector mass, Mv ——0.84 GeV, g is the
difference between the proton and neutron anomalous
magnetic moment,

g'=}Mp—p„=3.708,
and A, (Q ) (Ref. 1S) is the correction factor for the small
deviation of the electron-scattering data from a pure di-
pole form factor. We further assume the axial-vector
form factor in a dipole form,

+g(Q )=+g(0)/(I+Q /Mg )

where the value of F~(0)=—1.23+0.01 is taken from P-
decay experiments. '
From these assumptions, the differential cross section

for the quasielastic reaction can be expressed in terms of
only one parameter, Mz, as

In the context of the V—A theory, the matrix element
for the quasielastic reaction, v&n ~p p, can be written as
a product of the hadronic weak current and the leptonic
current. ' The general form of the hadronic weak current
is written in terms of six complex form factors which are
functions of Q and characterize the nucleon structure.
These are Fs (induced scalar), Fp (induced pseudoscalar),
F~ (isovector Dirac), Ff (isovector Pauli), F~ (axial vec-
tor}, and Fr (induced tensor). The quasielastic cross sec-
tion can be expressed in terms of these six form factors.
In order to simplify the analysis of the quasielastic reac-

GMcos8c 2 2 (s u)&( ')+&( )
dQ 8rrE„M

1

C(Q2) (s
—u) (7)

where s —u =4ME„Q m&, and M =(M„+—Mp)—/2.
The values of the Fermi constant and of the Cabibbo angle
are taken to be G =1.166 32& 10 GeV and
cos8c——0.9737, respectively (see Ref. 16). The structure

ANL 12-foot deuterium bubble 
chamber, PRD 26, 537 (1982)

BNL 7-foot deuterium bubble 
chamber, PRD23, 2499 (1981)

• e.g. neutrino-neutron CCQE: 
about 3K events in world data
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Elementary amplitudes workshop:  topics

1) the quantitative impact of better constraints on the 
elementary amplitudes 
 
2) the scientific impact of a new hydrogen or deuterium 
target experiment 

3) the optimal design and technical feasibility of a new 
hydrogen or deuterium target experiment;
 

4) constraints on the elementary amplitudes from other 
methods 
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FIG. 8. Free nucleon CCQE cross section computed
from Eqs. (31), (32) and (33), for neutrino-neutron (top)
and antineutrino-proton (bottom) scattering. Also shown
are results using dipole axial form factor with axial mass
mA = 1.014(14) GeV [55].

energies, the cross sections and uncertainties shown in
Fig. 8 are

�⌫n!µp(E⌫ = 1GeV) = 10.1(0.9)⇥ 10�39 cm2 ,

�⌫n!µp(E⌫ = 3GeV) = 9.6(0.9)⇥ 10�39 cm2 , (38)

for neutrinos and

�⌫̄p!µn(E⌫ = 1GeV) = 3.83(23)⇥ 10�39 cm2 ,

�⌫̄p!µn(E⌫ = 3GeV) = 6.47(47)⇥ 10�39 cm2 , (39)

for antineutrinos.
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MINERvA Data

FIG. 9. Cross section for charged-current quasielastic events
from the MINERvA experiment [56] as a function of re-
constructed Q2, compared with prediction using relativistic
Fermi gas (RFG) nuclear model with z expansion axial form
factor extracted from deuterium data. MINERvA data uses
an updated flux prediction from [82]. Also shown are results
using the same nuclear model but dipole form factor with
axial mass mA = 1.014(14) GeV [55].

C. Neutrino nucleus cross sections

Connecting nucleon-level information to experimen-
tally observed neutrino-nucleus scattering cross sections
requires data-driven modeling of nuclear e↵ects. Our
description of the axial form factor and uncertainty in
Eqs. (31), (32), and (33) can be readily implemented
in neutrino event generators that interface with nuclear
models.15

A multitude of studies and comparisons are possible.
As illustration, consider MINERvA quasielastic data on
carbon [56]. Figure 9 shows a comparison of the Q2 dis-
tribution of measured events with the predictions from
our FA(q2), using a relativistic Fermi gas nuclear model
in the default configuration of the GENIE v2.8 neutrino
event generator [6]. For comparison, we display the result
obtained using a dipole FA with axial mass central value
and error as quoted in the world average of Ref. [55]. The
central curves di↵er in their kinematic dependence, and
the dipole result severely underestimates the uncertainty
propagated from deuterium data.
The z expansion implementation within GENIE in-

15 The z expansion will be available in GENIE production release
v2.12.0. The code is currently available in the GENIE trunk
prior to its o�cial release. The module provides full generality
of the z expansion, and supports reweighting and error analysis
with correlated parameters.
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n p

μ-νμ

poorly known axial form factor

�(⌫n ! µp) = | · · ·FA(q
2) · · · |2

discrepancy: nucleon effects or nuclear 
effects ? 

ab initio methods and extensions, e.g. 

• impact of nucleon-level uncertainties
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1 Introduction54

Muonic hydrogen, the electromagnetic bound state of a muon and proton, is a theoretically pristine atomic55

system. As far as we know, it is governed by the same interactions as ordinary hydrogen, but with the56

electron of mass 0.511 MeV replaced by the heavier muon of mass 106 MeV, an example of electron-muon57

universality. That mass enhancement (⇠207) manifests itself in much larger atomic energy spacings and a58

smaller Bohr radius of 2.56⇥10�3Å. This places the muonic hydrogen size about halfway (logarithmically)59

between the atomic angstrom and the nuclear fermi (1 fm = 10�5Å) scale.60

Those di↵erences make muonic hydrogen very sensitive to otherwise tiny e↵ects such as those due to61

proton size and nucleon structure parameters governing weak interaction phenomenology. Indeed, muonic62

hydrogen Lamb shift spectroscopy [1, 2] has provided a spectacularly improved measurement of the proton63

charge radius that di↵ers by about 7 standard deviations from the previously accepted value inferred from64

ordinary hydrogen and electron-proton scattering [3]. (That so called Proton Radius Puzzle is currently65

unresolved [4–6]). Similarly, the larger muon mass kinematically allows the weak muon capture process66

depicted in Fig. 1,67

µ� + p ! ⌫
µ

+ n , (1)

to proceed, while ordinary hydrogen is (fortunately for our existence) stable.68

W+

p

µ�

n

⌫µ

Figure 1: Muon capture on the proton, µ�p ! ⌫
µ

n, via charged W boson exchange.

Weak muon capture in nuclei has provided a historically important probe of weak interactions and a69

window for studying nuclear structure. In particular, weak capture in muonic hydrogen is a sensitive probe70

of the induced pseudoscalar component of the axial current p ! n matrix element which is well predicted71

from the chiral properties of QCD. However, early experimental determinations of that pseudoscalar72

coupling, ḡ
P

,1 had, for some time, appeared problematic [7]. All ḡ
P

extractions from ordinary muon73

capture in hydrogen su↵ered from limited precision, while the more sensitive extraction from radiative74

muon capture [8] disagreed with ordinary muon capture and the solid prediction of Chiral Perturbation75

Theory (�PT) [9–13]. An important underlying contribution to this problem was the chemical activity of76

muonic hydrogen, which like its electronic sibling, can form molecular ions, (ppµ)+. The highly spin de-77

pendent weak interaction leads to very di↵erent capture rates from various muonic atomic and molecular78

states. Thus, atomic physics processes like ortho-para transitions in the muonic molecule, which flip the79

proton spins, significantly change the observed weak capture rates and often clouded the interpretation80

of experimental results in the 55-year history of this field. Unfortunately, the uncertainty induced by81

molecular transitions was particularly severe for the most precise measurements which were performed82

with high density liquid hydrogen targets, where, because of rapid ppµ formation, essentially capture from83

the molecule, not the pµ atom, is observed. This problem was resolved by the MuCap Collaboration at84

1The quantity ḡP is defined at the characteristic momentum q2

0

for muon capture, see Eqs. (8),(23) below.
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• complementary processes

lattice average: see also Yao, Alvarez-Ruso, Vicente-Vacas 
1708.08776 [ rA2=0.26(4) fm2]

from RJH, Kammel, Marciano, Sirlin 1708.08462

of the isovector axial form factor, and the strange vector form factors, taking the remaining form factors854

from other sources. An amplitude was measured for F
A

(q2) at Q2 = �q2 = 0.22 and 0.63 GeV2, but with855

insu�cient precision to extract shape information. The process e+d ! ⌫̄
e

pp is another possibility to access856

the charged current nucleon interaction, e+n ! ⌫̄
e

p using electron (positron) beams. No measurements857

of this process currently exist.858

5.2.4 Summary of complementary constraints859

0.2 0.4 0.6 0.8 1

PSfrag replacements

r2

A

(fm2)

�d (dipole) [17]

eN � eN �⇡ (dipole) [17]

�C (dipole) [20]

�d (z exp.) [19]

MuCap this work

LHPC [21]

ETMC [22]

CLS [23]

PNDME [24]

lattice QCD

�
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������

Figure 7: (color online) Axial radius determined by di↵erent processes. Data points are as in Table 1.
The hashed red region represents the average obtained in this work, obtained from the z expansion ⌫d and
MuCap results [cf. Eq. (36)]. The hatched blue band represents the average of the dipole ⌫d and dipole
eN ! eN 0⇡ results from Ref. [17]. Values labeled “dipole” enforce the dipole shape ansatz. The value
labeled “z exp.” uses the model independent z expansion. The green point represents the MiniBooNE
dipole fit [20] to ⌫-C scattering data, and does not account for nuclear model uncertainty.

A range of processes and techniques have potential to help constrain the nucleon axial radius. Some860

of these, such as pion electroproduction and parity violating electron-proton scattering, access the form861

factor and radius indirectly and su↵er significant model-dependent corrections that need to be further862

addressed to achieve ⇠ 10% accuracy on r2

A

. Lattice QCD and elementary target neutrino scattering are863

potentially pristine theoretical or experimental approaches. However, lattice QCD has not yet achieved864

the requisite accuracy, and hydrogen or deuterium active target neutrino experiments are fraught with865

surmountable but di�cult technical and safety issues. Figure 7 displays the range of values for r2

A

as866

tabulated in Table 1, including the MuCap determination presented in this paper. Our average, Eq. (36),867

is obtained from the z expansion ⌫d and MuCap results, which have complete error budgets. The future868

is sure to witness an interesting complementarity between di↵erent approaches to axial nucleon structure,869

with a wide range of constraints and applications.870
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5. Radiative corrections workshop
  

“Radiative corrections at the intensity frontier”

Perimeter Institute
June 12-14, 2017

organizers J. Campbell (Fermilab), P. Coloma (Fermilab), RJH, M. 
Pospelov (Perimeter), S. Prestel (Fermilab), D. Wackeroth 
(Buffalo)

• follow-up meeting planned at Fermilab, 2018
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Radiative corrections workshop:  key topics

1) radiative corrections and neutrinos 

2) electron-nucleon scattering 

3) muonic atoms

4) flavor transitions and precision measurements 
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building a thriving neutrino interaction effort

• find interesting, well-defined and solvable problems 

• avoid zero sum games

• experiments: precisely define their needs/capabilities

• core part of HEP mission shouldn’t be (simply) outsourced

• identify as part of a larger intellectual effort (intensity 
frontier/precision science/…)

• think new/big/different (large scale lattice QCD; quantum 
computers for nuclear physics; …?)

6. Community considerations  

• ok to parameterize and measure, but must avoid implicit bias



backup
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• beyond neutrino oscillations, many related applications 
relying on quantitative nucleon structure:
- fundamental constants (probable 7 sigma shift in Rydberg) 
- sigma terms and WIMP-DM direct detection
- gA and BBN
- …

• entering a precision realm where percent level corrections 
to nucleon structure need to be calculated, not just estimated

• QED is “easy”.  But QED + nucleon structure is “hard”

notes on complementarity:
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in any paradigm: 
• near detector has access to primarily νμ neutrinos

• νe appearance signal is directly impacted by νμ/νe cross 
section differences
- kinematics (muon mass)
- radiative corrections (QED and EW)
- 2nd class currents (G parity violation)
- signal definition (which photons are included)
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Figure 6: (color online) Quasielastic neutrino-neutron cross section. Reference fit of Ref. [19] in green
band shows the current uncertainty. The yellow band shows the uncertainties independent of r2

A

. The
hatched black band shows the uncertainty contribution from r2

A

, if r2

A

would be known to 20% (using the
central value from the reference fit). In that case, the r2

A

contribution would be subdominant in the total
error (quadratic sum of yellow and black hatched), as illustrated at E

⌫

= 1GeV in Eq. (40).

External constraints on r2

A

, used in conjunction with the existing deuteron target neutrino scattering748

data, can thus lead to a halving of the uncertainty on the elementary signal cross section for long baseline749

neutrino experiments. Advances in our quantitative understanding of neutrino scattering, through im-750

provements in r2

A

, heavy nuclear target modeling and direct precise neutrino cross-section measurements751

will allow us to fully exploit the planned sensitivity of future oscillation experiments.752

5.2 Other constraints and applications753

Given the importance of r2

A

, and more generally F
A

(q2), let us understand what complementary infor-754

mation exists from other approaches. This information comes from theoretical approaches to determine755

F
A

(q2) from the QCD Lagrangian; and from experimental measurements using weak and electromagnetic756

probes of the nucleon.757

5.2.1 Lattice QCD758

Lattice QCD is a computational method for determining low energy properties of hadrons based on first759

principles starting from the QCD Lagrangian.20 This method has reached a mature state for meson760

properties.21 Nucleons present an additional challenge for lattice simulations, owing to a well-known761

noise problem [104]. A variety of approaches are being taken to explore and address the simultaneous762

20For a brief introduction and references see the lattice QCD review of S. Hashimoto, J. Laiho and S. R. Sharpe in Ref. [53].
21For a review and further references, see Ref. [103].
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existing error (no external 
radius constraint)

with radius constraint: ( hatched: 
external radius error δrA2=20% ) 

muon capture constraints on neutrino cross sections


