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Neutron Considerations

๏ The significance of understanding the neutron cannot be overstated: 
๏A cornerstone in the understanding of the hadronic structure. 
๏ Plays a central role in cosmological theories: it’s properties offer valuable constraints in searches 

for new physics. 
๏Precision is key: 

๏ It is required in the determination of its properties in order to achieve the required level of 
understanding – consequence of the system dynamics & the interactions of the constituents 

๏What if... 
๏ ... the proton-neutron mass difference (~0.1%) were swapped? 

๏ There would be no hydrogen, water, stable long-lived stars which use hydrogen as a nuclear 
fuel...  The universe would be drastically different.

The fundamental properties of the neutron play a significant role in our understanding of nature. 
Compared to the proton, those properties have been notoriously more difficult to measure.

Bottom line:  A precise understanding of the neutron's basic properties is critical.  
The charge radius is one of those properties. 1



Surprises with the proton

๏We have been startled twice concerning the fundamental properties of the proton 
over the last 20 years! 
๏ First concerning the electro-magnetic structure... 
๏And more recently concerning the charge radius!

These issues concerning our understanding of the basic proton properties would have not have come to light 
when they did unless alternative measurement methods were considered and employed!!!! 

Alternative measurement methodologies are crucially important!
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Our current understanding of the neutron charge radius
The value of is based on one method of extraction  measurement of  using Pb, Bi, …(very indirect method)< r2

n > → bne

๏ Some details on the PDG compiled neutron radius: 
๏Most recent measurements over 2 decades old. 
๏ Some world data is omitted. 
๏ Input data shows significant tension 

๏ Simply averaging data with significant 
discrepancies can be misleading.

The world data results essentially come from two research groups: 
Gartching-Argonne and Dubna 

With a 5  tension between them!!!σ

PRC 56, 2229 (1997) ; Annu. Rev. Nucl. Part. Sci. 55, 27 (2005) ; PRD 77 034020 (2008) … 3



The value of is based on one method of extraction  measurement of  using Pb, Bi, …(very indirect method)< r2
n > → bne

< r2
n > = 3(me a0/mn) bne

The same methodology is used in each group's radius extraction:  a measurement of  

A 5  discrepancy most likely implies an underestimation of systematic uncertainty 
associated with the methodology  

This is a long standing discrepancy and there is NO obvious path using neutron scattering 
alone that can resolve this.

bne

σ
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Our current understanding of the neutron charge radius



Some consequences of the current precision

BSM physics: constrains on forces due to new bosons modeled by a 
Yukawa-type scattering potential:   

 
f(q) = fnucl(q) + fne(q) + fnew(q)

Depends on  , limited by precisionbne

Gn → rn → bne
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An alternative method to measure the neutron charge radius

bne Gn
E

Path 1 Path 2

๏Historical  measurements: 
๏No truly "free" neutron target 
๏ Polarized 2H, 3He targets & polarized 

electron beam 
๏Quasi-elastic electron scattering 
๏Double polarization observables 

๏A fit is needed for  
๏Relies on precision of measurements

Gn
E

Q2 → 0
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⟨r2
n⟩

⟨r2
n⟩ = − 6

dGn
E(Q2)

dQ2
Q2→0



An alternative method to measure the neutron charge radius

T.R. Gentile & C.B. Crawford 
PRC 83, 055203 (2011)

๏Parameterizations of the fit 
forms are not well 
constrained as  
๏ Recent attempts using quasi-

free neutron target 
measurements of   have 
yielded radii ~33% from pdg 
values. 

๏ Bottom Line:  Current landscape 
of  from electron + quasi-free 
neutron scattering is not sufficient. 

Q2 → 0

Gn
E

Gn
E
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๏ Instead, one can consider doing a model independent transverse mean square flavor 
decomposition: 

๏   

๏  

๏One can determine a global  and  and then simultaneously extract the proton and 
neutron charge radius.
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Radius extraction through flavor decomposition



Flavor decomposition at large Q2
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๏Not a new concept. 
๏Has previously been 

used to study high 
Q2 and scaling
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Flavor decomposition at low Q2

๏ Same procedure, but at low Q2
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๏ Extract transverse quark radii: 

๏ Fit  and  simultaneously using same functional form. 
๏ Consider continuous forms:  polynomial, polynomial + dipole, 

rational , polynomial time dipole.

Fu
1 Fd

1

∑
i

αi(Q2)i

1 + ∑
j

βj(Q2) j

Radius extraction through flavor decomposition



12

Q2-low Q2-high

Vary Q2-max of fit from Q2-low to Q2-high

Q2-low Q2-high

Variance in fit-function and fit range are considered in the total systematic uncertainty 

Radius extraction through flavor decomposition



Radius extraction through flavor decomposition

๏Eur. Phys. J. A 57, 65 (2021), H. Atac, M. 
Constantinou, Z.E. Meziani, M. Paolone, N. Sparveris: 
๏  

๏
⟨rp⟩ = 0.852 ± 0.002(stat.) ± 0.009(syst.) (fm)
⟨r2

n⟩ = − 0.122 ± 0.004(stat.) ± 0.010(syst.) (fm2)
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Radius extraction through flavor decomposition

๏Note on Mainz vs PRad proton radius: 
๏ The extraction is done on Mainz + PRad data: 

๏  fm 
๏ But also on the Mainz data alone: 

๏  fm 

๏No significant difference between the proton radius with 
or without PRad (2019) data. 

๏Both results are consistent with "smaller" proton radius.

⟨rp⟩Mainz+PRad = 0.852(10)

⟨rp⟩Mainz = 0.857(13)
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Radius extraction through flavor decomposition

๏Note on Mainz vs PRad proton radius: 
๏ The extraction is done on Mainz + PRad data: 

๏  fm 
๏ But also on the Mainz data alone: 

๏  fm 

๏No significant difference between the proton radius with 
or without PRad (2019) data. 

๏Both results are consistent with "smaller" proton radius. 

๏Provides new nucleon radii points: 
๏Neutron precision (~9%) remains inadequate to reconcile 

discrepancies. 
๏Needs more leverage at low Q2 for 

⟨rp⟩Mainz+PRad = 0.852(10)

⟨rp⟩Mainz = 0.857(13)

Gn
E
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๏ It has been long known that there is a correlation between the N-  TFFs and  

๏ Initially exploited in reverse to infer information for the N-Δ TFFs, while they were not yet very well 
measured. 

๏ 15 years later:  the N-Δ TFFs can be accessed at lower Q2 and with higher precision, compared to 
the current   measurements 

Δ Gn
E

Gn
E 15

A path to extend our low  reach for  Q2 Gn
E
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Large-Nc Relations (Pascalutsa & Vanderhaeghen) 
Phys. Rev. D76. 93, 111501(R) (2007) 

E2
M1 (Q2) = ( MN

MΔ )
3/2 M2

Δ − M2
N

2Q2

Gn
E (Q2)

Fp
2 (Q2) − Fn

2 (Q2)
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CMR world data
EMR world data
Prior world data (GE/GM)

๏ Large-Nc relations: 
๏ Carry about 15% theoretical uncertainty. 
๏ Two relations (CMR and EMR) can be used to 

cross-check validity.
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A path to extend our low  reach for  Q2 Gn
E



A. J. Buchmann 
Phys. Rev. Lett. 93, 212301 (2004) 

CMR world data
EMR world data
Prior world data (GE/GM)

๏Buchmann SU(6) form: 
๏ Ratios are related due to the underlying spin-

flavor symmetry and its breaking by spin-
dependent two- and three-quark currents 

๏ Theoretical correction (nb) is ~10% (i.e. it 
reduces the  ratio by nb~1.1) mainly 
due to third order SU(6) breaking terms 
(three-quark currents) omitted in the relation 
between  and 
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CMR world data (nb = 1)
Prior world data (GE/GM)
LQCD
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A path to extend our low  reach for  Q2 Gn
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A. J. Buchmann 
Phys. Rev. Lett. 93, 212301 (2004) 

๏Buchmann SU(6) form: 
๏ Ratios are related due to the underlying spin-

flavor symmetry and its breaking by spin-
dependent two- and three-quark currents 

๏ Theoretical correction (nb) is ~10% (i.e. it 
reduces the  ratio by nb~1.1) mainly 
due to third order SU(6) breaking terms 
(three-quark currents) omitted in the relation 
between  and 
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This uncertainty can be parameterized 
from world CMR and ratio data
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A. J. Buchmann 
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๏Buchmann SU(6) form: 
๏ Ratios are related due to the underlying spin-

flavor symmetry and its breaking by spin-
dependent two- and three-quark currents 

๏ Theoretical correction (nb) is ~10% (i.e. it 
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This uncertainty can be parameterized 
from world CMR and ratio data

Conservatively, we can take a 10% 
uncertainty over the entire Q2 range

nb = 1.1 ± 0.1

nb(Q2) =

Q
|q |

2Q
MN
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M1 (Q2)
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A path to extend our low  reach for  Q2 Gn
E
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A path to extend our low  reach for  Q2 Gn
E

Galster

2-dipole

 fm2⟨r2
n⟩ = − 6

dGn
E(Q2)

dQ2
Q2→0

→ − 0.110 ± 0.008

A note on form:  Two common parameterizations 
(Galster and 2-dipole) give near identical fits and radius:
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A path to extend our low  reach for  Q2 Gn
E
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A path to extend our low  reach for  Q2 Gn
E

Agrees with the Gartching-Argonne results  

Updates the world data average: 

 

Improves the  uncertainty by 23% 

⟨r2
n⟩ = − 0.1152 ± 0.017 fm2
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A path to extend our low  reach for  Q2 Gn
E

We could reduce uncertainty by a factor of 2 with new low Q2 TFF measurements!

Agrees with the Gartching-Argonne results  

Updates the world data average: 

 

Improves the  uncertainty by 23% 

⟨r2
n⟩ = − 0.1152 ± 0.017 fm2
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JLAB PAC49 (2021) Proposal: 
Measurement of the neutron charge radius through 
the study of the nucleon excitation
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the study of the nucleon excitation

DEFER
ED
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JLAB PAC49 (2021) Proposal: 
Measurement of the neutron charge radius through 
the study of the nucleon excitation

DEFER
ED

Uncertainties (and corrections) of Buchmann (CQM + 2b) or 
large-Nc are not well (enough) quantified for very low Q2. 

BUT 
TFFs at low-Q2 are very interesting (in their own right). 

AND 
A combined framework of ChPT and large-Nc can test 

corrections vs low Q2 measurements. 

Recommendation:  Change the focus to low Q2 TFFs (only)

Comments from reviewers:
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JLAB PAC50 (2022) Proposal: 
Measurement of the N→Δ Transition 
Form Factors at low Q2

A more rigorous study of theoretical uncertainties. 

???

Exact same proposed measurements

So far:  Theory report on proposal is very supportive!

JLAB PAC49 (2021) Proposal: 
Measurement of the neutron charge radius through 
the study of the nucleon excitation
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Fun things to do with global analysis of proton and neutron FFs.
Spatial charge density distributions



Summary

๏After 2 decades of stagnation, there is progress in the determination of the neutron charge radius 
๏We now have an alternative path to access this quantity; 

๏ Important, considering the  discrepancies, as well as our recent experience with the proton 

๏A path for the further improvement of the  extraction has been presented 
๏ Future experiments may be able to help at low-Q2 and include precision. 

๏Accessing the neutron & proton charge radius through the TMSR of the quark distributions appears 
to be a robust way for the charge radius extraction from the FF data.

⟨r2
n⟩

⟨r2
n⟩

Thank you! 24


