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The dominant transition from proton to delta involves a dipole (M1) transition  
(spherical S-wave proton WF -> spherical S-wave Delta WF)
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There also exists a quadrupole (E2 or C2) transition from proton to delta. 
(The quadrupole amplitudes are associated with the existence of non-spherical 

components in the proton and Delta WF)

2

The N-Δ transition



u
u

d u
u

d

Proton (938 MeV) Delta (1232 MeV)

,  E2, C2γ *

The quadrupole to dipole ratio (E2/M1 or C2/M1) is non-zero...  Why?
Electric-Quadrupole to Magnetic-Dipole Ratio  = EMR = E2/M1
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The N-Δ transition

Coulomb-Quadrupole to Magnetic-Dipole Ratio  = CMR = C2/M1

There also exists a quadrupole (E2 or C2) transition from proton to delta. 
(The quadrupole amplitudes are associated with the existence of non-spherical 

components in the proton and Delta WF)



u
u

d u
u

d

Proton (938 MeV) Delta (1232 MeV)

,  E2, C2γ *

Non-central (tensor) interactions between quarks can account for some of the 
spherical deviation, but not all...
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The N-Δ transition

The quadrupole to dipole ratio (E2/M1 or C2/M1) is non-zero...  Why?

There also exists a quadrupole (E2 or C2) transition from proton to delta. 
(The quadrupole amplitudes are associated with the existence of non-spherical 

components in the proton and Delta WF)
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The dynamics of a meson cloud are important to describe the structure of the nucleon.
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The N-Δ transition

The quadrupole to dipole ratio (E2/M1 or C2/M1) is non-zero...  Why?

There also exists a quadrupole (E2 or C2) transition from proton to delta. 
(The quadrupole amplitudes are associated with the existence of non-spherical 

components in the proton and Delta WF)



How does the N-Δ transition provide information 
on the neutron?

๏ The neutron has a non-zero charge radius: 
๏Direct measurements of the neutron 

scattering length show a net negative charge 
radius for a neutral object: how?
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How does the N-Δ transition provide information 
on the neutron?

๏ The neutron has a non-zero charge radius: 
๏Direct measurements of the neutron 

scattering length show a net negative charge 
radius for a neutral object: how? 
๏One interpretation includes a spin-1 dd 

diquark configuration: 
๏Not adequate to describe the 

magnitude of the radius

u

Charge Distribution

0

d     d 

n

3



How does the N-Δ transition provide information 
on the neutron?

๏ The neutron has a non-zero charge radius: 
๏Direct measurements of the neutron 

scattering length show a net negative charge 
radius for a neutral object: how? 
๏One interpretation includes a spin-1 dd 

diquark configuration: 
๏Not adequate to describe the 

magnitude of the radius 
๏ Including the two-body pion currents can 

describe the measurements. 
๏How the nucleon excites provides some 

information on the structure of initial nucleon.
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Why do we care about the neutron charge radius?

๏ 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. 4



What do we know about the neutron charge radius?

๏Data from atomic physics 
๏Data from quasi-free neutron scattering 
๏Lattice calculations 
๏Flavor decomposition 
๏Relations to excited nucleon states. 
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Atomic electron scattering determination of ⟨r2
n⟩

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 are at least 3 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) … 6



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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Atomic electron scattering determination of ⟨r2
n⟩



Electron cloud contribution calculated 
by 4𝜋 integration of atomic form factor

Transmission rate of 
neutrons is measured

S(E) functions are 
condensed matter 

corrections

Inclusive XS requires a 
sum over isotope states

Scattering lengths b(E): c = nucleus coherent, 
R = resonance, p = polarizability

Absorption XS

Atomic electron scattering determination of ⟨r2
n⟩

8



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
9



Electron scattering on quasi-free neutrons to measure the neutron charge radius

rnbne Gn
E

Path 1 Path 2

๏Historical electron quasi-free neutron  
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 
๏ ... and on how close measurements are 

to 

Gn
E

Q2 → 0

Q2 = 0
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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.

Q2 → 0

Gn
E
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Electron scattering on quasi-free neutrons to measure the neutron charge radius



Connections to the Deuteron Radius
A.A. Filin, V. Baru, E. Epelbaum, H. Krebs, D. Moller, P. Reinert

Deuteron structure radius from ChEFT

Deuteron - proton radius difference 
from atomic data: 

PRA 97, 062511 (2018)
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Lattice Calculations

๏ Latest from Djukanovic et. al. 
๏ (2 +1) flavor coordinated lattice simulations 

๏ Allows for quark connected and 
disconnected contributions 

๏ Pion mass between 130 and 290 MeV

Previous Lattice

Djukanovic et. al. (2024)

}
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Radius extraction through flavor decomposition

๏ By using the neutron and proton FF data together, a flavor 
decomposition can be performed. 
๏ Exploiting isospin symmetry, both proton and neutron radii 

can be extracted simultaneously. 
๏ Eur. Phys. J. A 57, 65 (2021), H. Atac, M. Constantinou, 

Z.E. Meziani, M. Paolone, N. Sparveris: 

๏  

๏  
๏ Provides new nucleon radii points: 

๏ Neutron precision (~9%) remains inadequate to reconcile 
discrepancies.

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

n⟩ = − 0.122 ± 0.004(stat.) ± 0.010(syst.) (fm2)

14

G. Miller. Phys. Rev. Lett. 99 (2007) and Phys. Rev. C 99 (2019) 



๏ 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. 

๏ Almost 20 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 14

A path to extend our low  reach for  Q2 Gn
E



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)

C2
M1 (Q2) = ( MN

MΔ )
3/2 Q+Q−

2Q2

Gn
E (Q2)

Fp
2 (Q2) − Fn

2 (Q2)

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 

Gn
E /Gn

M

Gn
M GN→Δ

M1

Gn
E (Q2)

Gn
M (Q2)

=
Q

|q |
2Q
MN

1
nb (Q2)

C2
M1 (Q2)

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
E



NRCQM 

One-body quark currents
Gluon, pion, confinement, and 
sigma exchange current terms

the charge radius of the ∆ is equal to the isovector 
charge radius of the nucleon

This relation has been tested in the form of "general parametrization" 
of QCD:  3rd order terms and loops contribute to a ~10-20% deviation.

• Buchmann NRCQM: 
• Requires quarks to have some charge size 
• To enforce current conservation: 

• Includes spin-independent and spin-
dependent two-body currents (to LO and 
some to NLO) 

• Not included: 
• Relativistic boost corrections 
• Strangeness contributions 
• Magnetic moment of quarks.

Dillon, Mortugo, PRB 448
17



*Slides taken from A.J. Buchmann presentation at N-Star 2017 18



Model uncertainties

๏Not ChEFT style calculations 
๏No power counting available. 
๏Not based on any symmetries of strong interactions that could provide a reference point and 

enable one to theoretically estimate corrections due to deviations from the idealized symmetric 
situation. 

๏ Some concerns about the differences in isoscalar and isovector contributions to the quark 
model at very low Q2. 

๏Uncertainty due to truncation of higher order terms are constrained empirically.

19



Global analysis using this method has been published in Nature Comm. 12, 1759 (2021)
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A path to extend our low  reach for  Q2 Gn
E



New Experiment Running Now!

21

CMR (%)

A path to extend our low  reach for  Q2 Gn
E



JLab NDelta experiment E12-22-001

๏ Running RIGHT NOW! 
๏ from 3/23 until ~4/24 

๏ Standard Hall-C equipment 
๏ 1490 MeV electron beam 
๏ Detect proton and electron in 

coincidence 
๏ Reconstruct pion from missing mass.

23
1.4

9 G
eV

7.5 to 10.5 deg 
1.055 to 1.067 GeV/c

13.5 to 55.2 deg 
0.39 to 0.57 GeV/c

22



Measurement Settings
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Setting Central Q2 
(GeV2)

SHMS 
Momentum 

(GeV)

SHMS Angle 
(deg)

HMS 
Momentum 

(GeV)

HMS Angle 
(deg) Progress

1d

0.05 -1.0553 10.48

0.571 26.73
2d 0.566 32.65
3d 0.546 13.74
4d 0.546 39.72
5d 0.502 48.22
6d 0.445 55.66
7d 0.412 59.20
1a

0.026 -1.0681 7.51

0.536 21.19
2a 0.531 14.89
3a 0.531 27.49
4a 0.509 35.86
5a 0.470 44.15
6a 0.416 52.25
7a 0.384 56.17 As of 4/14
1b

0.03 -1.0659 8.08

0.542 22.01
2b 0.537 28.61
3b 0.532 13.66
4b 0.515 36.89
5b 0.476 45.07
6b 0.421 53.06
7b 0.389 56.90
1c

0.04 -1.0606 9.35

0.557 24.83
2c 0.552 30.90
3c 0.539 13.52
4c 0.529 38.95
5c 0.489 46.90
6c 0.433 54.60
7c 0.400 58.28

Projected Measurements
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CMR & EMR predicted to 
converge at a small finite 
value as Q2 → 0

At large , no direct indication of 
EMR  100% and CMR  constant 
(predicted in pQCD regime)

Q2

→ →
24

World data and status of TFFs

Extraction of the TFFs has been a central component of 
Jlab's experimental program: 

(Most of these measurements are from JLab Halls A, B, and C)
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Exclusive bound n-Δ0 TFFs in 4He with ALERT and CLAS12 at JLAB

PFe
n

Δ0

e’
π−

p’

3He
4He

detected in CLAS12 detected in CLAS12

detected in ALERT or CLAS12

detected in ALERT

The ALERT detector

CLAS12 RG-L 

11 GeV Beam 
40 cm 4He target,  d target 

CLAS12 Forward detector (standard) 
ALERT recoil detector 

Running in < 2 weeks (hopefully)
25



High Q2 TFFs with SoLID at JLab (J/psi Set-up)

8-15 deg

15-25 deg

๏15 cm LH2 target 
๏11.0 GeV beam Energy 

๏ Luminosity =  

๏4 possible kinematics: 

๏  
๏Electron detected w small angle 
๏Electron detected w large angle 

๏  
๏Electron detected w small angle 
๏Electron detected w large angle

1037 N cm−2 s−1

p − π0

n − π+

26



๏Projections from LOI to JLab
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High Q2 TFFs with SoLID at JLab (J/psi Set-up)

EMR (%) 
World Data

p/  SoLID projected

n/  SoLID projected

π0

π+

CMR (%) 
World Data

p/  SoLID projected

n/  SoLID projected

π0

π+

 (GeV2)Q2  (GeV2)Q2



๏Questions from LOI reviewer 
๏ “Parasitic” experiment, but requires a more open trigger.  Determine what impact new trigger 

configuration will have: 
๏ Progress:  Mostly done.  Latest simulations show that accidentals from additional trigger will 

not impact rate more than ~10%. 
๏ Theory motivation at larger Q2 needs to be more robust. 

๏ Some progress:

28

High Q2 TFFs with SoLID at JLab (J/psi Set-up)

Transitions are computed using a fully-dynamical diquark-quark 
approximation to the Poincare-covariant three-body bound-state 
problem in RQFT

EMR

CMR
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not impact rate more than ~10%. 
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High Q2 TFFs with SoLID at JLab (J/psi Set-up)

Transitions are computed using a fully-dynamical diquark-quark 
approximation to the Poincare-covariant three-body bound-state 
problem in RQFT

EMR

CMR

Long Dash: Only keeping s-wave 
contributions to the Delta in rest frame

Short Dash: Forcing proton and Delta  
to reduce to S-waves

Black curve: Full treatment

TFFs at large Q2 are VERY sensitive to deformation 
(higher wave contribution)



๏ The neutron radius measured from atomic scattering have significant tension. 

๏Quasi-free scattering measurements are limited by systematic precision. 

๏Combined proton/neutron extractions are still lacking in precision. 

๏ Lattice calculations are becoming more precise. 

๏N-to-Delta transition form factors may offer a path to very low  , but theoretical systematics 
need to be handled carefully.

Q2 Gn
E

29

Summary

Thanks!
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Experimental Methodology

H(e, e′￼p)π0

p

π0

RT + RL, RTT, RLT = f( A(W, Q2), g(θXγ) )

For a given  , one can measure at least 3  to 
simultaneously extract   and  .

θXγ ϕXγ

RT + RL, RTT RLT

One can then scan   to extract the relevant 
amplitudes  .

θXγ

A(W, Q2)
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Experimental Methodology

RTT = 3 sin2 θ (E2 M1 + M12 + . . . Σbackground)

RLT = − 6 cos θ sin θ (C2 M1 + . . . Σbackground)

RT + RL = M12 + . . . Σbackground

sensitive to the EMR 
sensitive to the CMR 

sensitive to 

RTT →
RLT →
RT + RL → M1

Fit parameterized models to data Use model independent statistical methods to 
identify and determine with maximal precision 
parameters that are sensitive to the data: 
AMIAS (Eur. Phys. J. A 56 (2020) 10, 270) 

and/or
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Low Q2 N-Δ transition form factors

CMR (%)

๏ Low Q2 landscape is an important region to measure: 
๏ Mesonic cloud effects are predicted to be: 

๏ dominant in explaining the magnitude of the TFFs 
๏ changing most rapidly over all Q2 

๏ Provides an excellent test bed for ChEFT and LQCD 
calculations 

๏ Relates the excitation mechanism to spatial information of the 
proton and the Delta. 

๏ Tests the predicted convergence of EMR and CMR as Q2 →0. 
๏ Sparsely measured region.
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Low Q2 N-Δ transition form factors

๏ Low Q2 landscape is an important region to measure: 
๏ Mesonic cloud effects are predicted to be: 

๏ dominant in explaining the magnitude of the TFFs 
๏ changing most rapidly over all Q2 

๏ Provides an excellent test bed for ChEFT and LQCD 
calculations 

๏ Relates the excitation mechanism to spatial information of the 
proton and the Delta. 

๏ Tests the predicted convergence of EMR and CMR as Q2 →0. 
๏ Sparsely measured region.
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CMR (%)

Signature of pion cloud

Dominant role of 
mesonic d.o.f. at large 
distance scale: 

Mesonic cloud ~  50% 
of the quadrupole 
amplitude magnitude & 
1/3 of the magnetic 
dipole strength 

Low Q2 N-Δ transition form factors



9

CMR (%) Region that new experiment will cover.

Low Q2 N-Δ transition form factors

๏ Low Q2 landscape is an important region to measure: 
๏ Mesonic cloud effects are predicted to be: 

๏ dominant in explaining the magnitude of the TFFs 
๏ changing most rapidly over all Q2 

๏ Provides an excellent test bed for ChEFT and LQCD 
calculations 

๏ Relates the excitation mechanism to spatial information of the 
proton and the Delta. 

๏ Tests the predicted convergence of EMR and CMR as Q2 →0. 
๏ Sparsely measured region.
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๏What is the "shape" of the nucleon? 
๏ Is it spherically symmetric or deformed? 

๏ If deformed, what is the origin of the deformation? 
๏ Exactly how are shape and structure related? 

๏How can one explore shape? 
๏Quadrupole moment of the ground state is identically 0 for a spin 1/2 system. 

๏ Pure proton scattering without spin excitation can't give you any information. 
๏ The only isolated spin-excitation resonance of the proton is the (1232). 

๏A more comprehensive review can be found at: 
๏C. Alexandrou, C. Papanicolas, M. Vanderhaeghen,  

๏ "The shape of hadrons", Rev. Mod. Phys. 84, 1231 (2012)  
๏A. Bernstein, C. Papanicolas  

๏ "Overview: The shape of hadrons" , AIP Conf. Proc. 904, 1 (2007) 

Δ+

What can we say about the geometry (shape) of the nucleon?
...an issue since the 80's



Empirical transverse charge transition densities 

 Eur. Phys. J. Special Topics 198, 141 (2011)
Latice QCD: Quark transverse 

charge density in Δ+(1232) 
  

Phys. Rev. D. 79, 014507 (2009)
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Imaging the Δ and the N-Δ transition

Probing hadron wave functions 
in Lattice QCD 

Phys. Rev. D. 66, 094503 (2002)

Oblate Δ(1232)

Sphere
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Impact on other domains of nuclear physics

๏ Generalized polarizabilities (GPs) of the proton: 

๏ The TFFs enter as an input in the VCS cross section over the  
resonance region – their precise knowledge is necessary for the 
precise extraction of the GPs from the measured cross sections 

๏ Physics of interest: 
๏ Electric polarizability puzzle 
๏ Interplay of paramagnetism & diamagnetism in the proton 
๏ Extraction of the polarizability radii and imaging of the 

induced polarization density. 
๏ Neutrino oscillation studies and neutrino-nucleus scattering 

๏ Dominant source of systematic error: uncertainties in neutrino-
nucleus reaction cross sections in the nucleon-resonance region.

Δ


