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@ TRIUMF The proton radius puzzle

How big is the proton?
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R TRIUMF The proton radius puzzle

How big is the proton?

1p 2013 ~—e— CODATA-2010

———=e——— e-p,JLab
up 2010

[]

——e—— e-p, Mainz

——e—— H/D

083 084 085 086 0.87 088 0.89 0.9 091
proton charge radius [fm]

New H/D results:
rp = 0.8335(95) fm (Garching, 25-4P)
rp = 0.877(13) fm (Paris, 1S3S)
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@ TRIUMF The proton radius puzzle
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S TRIUMF

Summary of our results
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@ TRIUMF Summary of our results

System  Our Ref. Unc. Experimental Status

w2H Phys. Lett. B '14, '18 1% — 1.3%  published Science '16
p4Het  Phys. Rev. Lett. '13 20% — 6%  measured, unpublished

p3Het 20% — 4%  measured, unpublished

} Phys. Lett. B '16
p3H

4% measurable?

@ Our results agree with other values and are more accurate

= Unc. comparable with ~ 5% experimental needs

= Will improve precision of R. from Lamb shifts

= May help shed light on the “proton (deuteron) radius puzzle’
= ... and on the >*He “isotope-shift puzzle"
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S TRIUMF

He isotope shift puzzle
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@ TRIUMF He isotope shift puzzle

)
235-23P IS
Zheng et al. (2018)
——
235-23P IS
Cancio Pastor et al. (2012)
—e——
23525 1S
Rooji et al. (2011)
——
235-23P IS

Shiner et al. (1995)

1.00 1.02 1.04 1.06 1.08 1.10
6r2 [ 3He - *He 1 [fm?]

puHe precision: ~ 0.03 fm?
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S TRIUMF

Future experiments

PHYSICAL REVIEW A 94, 062505 (2016)

Lamb shift in muonic ions of lithium, beryllium, and boron

A. A. Krutov, A. P. Martynenko, F. A. Martynenko, and O. S. Sukhorukova
Samara University, 443086, Moskovskoe shosse 34, Samara, Russia
(Received 1 October 2016; published 15 December 2016)

We present a precise calculation of the Lamb shift (2P — 2S1/2) in muonic ions (uSLiY**, (uiLiy**,
(13Be)**, (ui’Be)*, (uiB)**, (ui'B)**. The contributions of orders a® +a° to the vacuum polarization,
nuclear structure and recoil, and relativistic effects are taken into account. Our numerical results are
consistent with previous calculations and improved by additional corrections. The obtained results can be
used for the comparison with future experimental data, and extraction more accurate values of nuclear charge
radii.

TABLE L Lamb shift 2Py 2 — 25,2) in muonic ions (u]Li)** and (u$Li)>*. In parentheses are given the results obtained by other authors,
with some references to their works, which discuss the calculation of corrections of this type.

Contribution to the splitting (uILD* (meV) (USLi* (meV)

1 VP contribution of order (Za)? in 1y interaction 4682.38 (4682.4 [7])  4664.95 (4665.0 [7])
2 Two-loop VP contribution of order a?(Za)? in 1y interaction 3254 (32.44 (7)) 32.41(32.27 [7))

3 VPand MVP contribution in one-photon interaction 0.01 0.01

30 HVP contribution 1.17 [7,58-60] 1.16 [7,58-60]

31 Nuclear polarizability 20£4(7] 15+4(7]

32 Total contribution 1531.78 1161.85

Nir Nevo Dinur Lanczos sum rules TRIUMF, 2.28



R TRIUMF Dynamical (polarization) contributions to drpg

oTPE = ZI“ = Z /dw Sa(w) ga(w)
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@ TRIUMF Dynamical (polarization) contributions to drpg

oTPE = ZI" = Z /dw Sa(w) ga(w)

S5(w) = yj (FOl) 26wy —w) = T= (0O g(H)O}i)
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R TRIUMF Dynamical (polarization) contributions to drpg

oTPE = ZI“ = Z /dw Sa(w) ga(w)

so<w>§j<f|m>26<wf—w> — =[O0 g(f)O}i)

@ The leading polarization contribution relates to the dipole response

5530{ o</ dw Sp, (w) w12

th

@ Sp, (w) is the electric dipole response function [ Dy = RY/(R) ]
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R TRIUMF Dynamical (polarization) contributions to drpg

oTPE = ZI“ = Z /dw Sa(w) ga(w)

so<w>§j<f|m>26<wf—w> — =[O0 g(f)O}i)

@ The leading polarization contribution relates to the dipole response

5530{ o</ dw Sp, (w) w12

th

@ Sp, (w) is the electric dipole response function [ Dy = RY/(R) ]

= can be extracted from data (very imprecise)
= or calculated (continuum few-body problem)
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R TRIUMF Extract drpg from data: “He Photoabsorption

electric dipole photoabsorption cross section 0., (w) = 4n?awSp; (w)
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT

L(o) = /dw(s(w) o; =Im(c) >0

9
w—o.)? +0i2

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT

L(o) = / O +02,oizlm(a)>0

_ i f\O! )[?
(wy —o)(wy —0*)

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT
L(o) = / O +02,oizlm(a)>0

2 N N
= i —ﬂO’ - 5y = GOH — o)™ (H — ") ~'Oli)
wr —o)(wp —o

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT

L(o) = /dw(s(w) o; =Im(c) >0

9
w—o.)? +0i2

O[3} |2 . .
= Yar AL ot - o) a1 - 7))
(wr — 0)(ws — o)

= (@), [¥) = (H - ") '0li)

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT

L(o) = /dw(s(w) o; =Im(c) >0

9
w—o.)? +0i2

O[3} |2 . .
= Yar AL ot - o) a1 - 7))
(wr — 0)(ws — o)

= (Jld), [¥) = (H —0")'0li) = (H — o")|¥) = Oli)

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT
S(w) _

= Yar AL ot - o) a1 - 7))
(w7 — )y — o)

= (Jld), [¥) = (H —0")'0li) = (H — o")|¥) = Oli)

Schrodinger-like equation with a local source term
(and only the trivial solution to the homogeneous Eq.)

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ |(f|O]i)[*6(w; — w) using LIT
S(w) _

= Yar AL ot - o) a1 - 7))
(w7 — )y — o)

= (Jld), [¥) = (H —0")'0li) = (H — o")|¥) = Oli)

Schrodinger-like equation with a local source term
(and only the trivial solution to the homogeneous Eq.)

= Can be solved using any bound-state method

V.D. Efros et al., PLB'94; JPG'07
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ [(f|Oi)[?6(w; — w) using LIT

1. Solve (H — o*)|i) = Oli) using a bound-state basis to obtain Lea.(0) = (¥]4))

2. Invert Leac(o) = fdw% using the common ansatz

N
Sn(w) = ch¢n(a) = [|Learc(0) — Ln(0)|| <€

Efros et al., JPG'07; Barnea FBS'10; Orlandini et al., FBS'17
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ [(f|Oi)[?6(w; — w) using LIT

1. Solve (H — o*)|i) = Oli) using a bound-state basis to obtain Lea.(0) = (¥]4))

2. Invert Leac(o) = fdw% using the common ansatz

N
Sn(w) = ch¢n(a) = [|Learc(0) — Ln(0)|| <€

e Obtaining a good inversion can be tricky, especially when Lcac(0) is noisy

Efros et al., JPG'07; Barnea FBS'10; Orlandini et al., FBS'17
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ [(f|Oi)[?6(w; — w) using LIT
1. Solve (H — 0*)|)) = Oli) using a bound-state basis to obtain Le..(0) = (1|1))

2. Invert Leac(o) = fdw% using the common ansatz

N
Sn(w) = ch¢n(a) = [|Learc(0) — Ln(0)|| <€

e Obtaining a good inversion can be tricky, especially when Lcac(0) is noisy

@ This method is not sensitive to a specific energy-range of Lcac(0) — Ly (o)

Efros et al., JPG'07; Barnea FBS'10; Orlandini et al., FBS'17
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@ TRIUMF The LIT method (Lorentz Integral Transform)

Calculating So(w) = ¥ [(f|Oi)[?6(w; — w) using LIT

1. Solve (H — o*)|i) = Oli) using a bound-state basis to obtain Lea.(0) = (¥]4))

2. Invert Leac(o) = fdw% using the common ansatz

N
Sn(w) = Y eadn(@) = [[Lae(0) — Ln(o)l] <e

e Obtaining a good inversion can be tricky, especially when Lcac(0) is noisy
@ This method is not sensitive to a specific energy-range of Lcac(0) — Ly (o)
@ Small o; is needed to resolve fine details of S(w) = Harder to converge L a1c(0)

e Larger o; improves the tail of S(w) ...

Efros et al., JPG'07; Barnea FBS'10; Orlandini et al., FBS'17
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@ TRIUMF The LIT method (Lorentz Integral Transform)

The LIT method was applied to electroweak reactions,
where the LIT equations were solved with:

e HH: Hyperspherical Harmonics (Jacobi coor., A < 4)
e EIHH (Jacobi coor., A < 7)
e NCSM (Jacobi coor., A =4)

(Efros et al., JPG'07; Leidemann & Orlandini PPNP'13; Bacca & Pastore JPG'14)
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@ TRIUMF The LIT method (Lorentz Integral Transform)

The LIT method was applied to electroweak reactions,
where the LIT equations were solved with:

e HH: Hyperspherical Harmonics (Jacobi coor., A < 4)
e EIHH (Jacobi coor., A < 7)
e NCSM (Jacobi coor., A =4)

(Efros et al., JPG'07; Leidemann & Orlandini PPNP'13; Bacca & Pastore JPG'14)

It was recently used extensively also with the coupled-cluster method
(Bacca et al., PRL'13, ...)
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@ TRIUMF Exclusive LIT and related applications

LIT can also be used for exclusive reactions.
The exclusive LIT equation is:

(H = o")[iby) = Viloy)
This allows many other applications:

1. Radiative capture (by exchanging i +» f in exclusive photodisintegration)

2. Semi-inclusive (e, e’ N) using the “spectral function approximation ”
(demonstrated by Efros et al., PRC'98)

3. Astrophysical S-factors (demonstrated by S. Deflorian et al., FBS'17)
4. Hadron scattering (suggested by V.D. Efros, PAN'99, PIC'17)

5. Glauber approximation (suggested by V.D. Efros et al., JPG'07)

Nir Nevo Dinur (TRIUMF) Lanczos sum rules TRIUMF, 2.28.18 13 /30



@ TRIUMF LIT calculations: “He Photoabsorption

electric dipole photoabsorption cross section 0., (w) = 4n?awSp; (w)
5o Akaoveral 1979 T
t © Shima et al. (2005)

r o Nilsson et al. (2005)

[ e Nakayama et al. (2007)

4L B Torow et al. (2012) 4
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@ TRIUMF LIT calculations: “He Photoabsorption

electric dlpole photoabsorptlon cross sectlon 07( w) = 4r?awSp1 (w)

R
|:| Arkatov et al (1979)
57 o Shima et al. (2005) — AV18+UIX (2006)

o Nilsson ez al. (2005) NN(N*LO)+3N(N?LO) (2007)
e Nakayama et al. (2007)

B Tornow et al. (2012)

Gazit et al.,, PRL'06
Quaglioni & Navratil PLB'07

u]

>~ |

N
o
[6))
o
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R TRIUMF Calculate sum rules

The work is not completed yet ...
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@ TRIUMF Calculate many sum rules (and channels)

3He SH
AV18/UIX
YEFT

o
N
=

-15.0-12.0 -9.0 -6.0 -3.0 0 30 60 -08 06 -04 -02 0 02
NND et al., Phys. Lett. B (2016) meV meV
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R TRIUMF LSR: Lanczos sum rule method

OTPE = Zfa = Z/ dw Sq (W) ga (W)
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R TRIUMF LSR: Lanczos sum rule method

OTPE = Z I, = Z / dw Sq (W) ga (W)

Problems:
1. We need to know S(w) with good resolution over wide range of energies

2. We need to extrapolate S(w)g(w) to w — oo.
The difficulty depends on g(w) (and O)
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R TRIUMF LSR: Lanczos sum rule method

OTPE = Z I, = Z / dw Sq (W) ga (W)

Problems:
1. We need to know S(w) with good resolution over wide range of energies

2. We need to extrapolate S(w)g(w) to w — oo.
The difficulty depends on g(w) (and O)

Sum rules are of general interest
1. Comparison with experiments

2. Checking analytic or assumed relations

3. Observables of interest (ap <+ Ren <> Ry, — Rp <> L (SymmetryEnergy))

Nir Nevo Dinur (TRIUMF) Lanczos sum rules TRIUMF, 2.28.18



S TRIUMF

LSR: Lanczos sum rule method

OTPE = Z I, = Z / dw Sy (W) ga (W)

A model-space of size M is used to calculate the LIT of S (w)
g

L(o) = dw S(w)

P = Im(e) > 0
™ (w—0,)2+ 02 oi = Im()

M A
tnl) = %3 WO

2
wy — 0p)% + 07

= |£(J) — £M(0)| <eum

Nir Nevo Dinur (TRIUMF)
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S TRIUMF

LSR: Lanczos sum rule method

OTPE = Z I, = Z / dw Sy (W) ga (W)

A model-space of size M is used to calculate the LIT of S (w)

L(o) =

0j

PRI C)

™ (w—0,)2+02’
M Al

7%y [{plOli)|”

™ (wy —0r)2 + 02

|L(o) — Ly(o)| < em

o;=1Im(o) >0

@ smaller o; = better resolution, slower convergence

Nir Nevo Dinur (TRIUMF)

Lanczos sum rules

TRIUMF, 2.28.18
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R TRIUMF LSR: Lanczos sum rule method

The analogous I, is not guaranteed to converge as L.
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R TRIUMF LSR: Lanczos sum rule method

The analogous I is not guaranteed to converge as L. Let us assume
0;

h(o
o) = 3 [
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R TRIUMF LSR: Lanczos sum rule method

The analogous I is not guaranteed to converge as L. Let us assume
h(o)
(w—0,)2+ 02

. /dw/daT e e
T (w—o0y)%+ 0}

~ [ do Llo)h(o)

i

g(w) = do,

‘I—I]\/[‘ < {-IM*/dO'TUI(O')’
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R TRIUMF LSR: Lanczos sum rule method

The analogous I is not guaranteed to converge as L. Let us assume
h(o)
(w—0,)2+ 02

h(o)
I = L Sw) M9
/dw/da T CL)—O_T>2+0_Z-2

~ [ do Llo)h(o)

i

g(w) = do,

‘I—I]\/[‘ < {-IM*/dO'TUI(O')’
Formally :

1 v
ho) = %/dk e7*lg(k)e~tkor

Efros, Phys. At. Nucl. (1999)
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R TRIUMF LSR: Lanczos sum rule method

The applicability depends on the form of g (w). For example:

_ B 1
g) = T (w—wp)2+ B2 B0 Olw = o),
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R TRIUMF LSR: Lanczos sum rule method

The applicability depends on the form of g (w). For example:

_ P !
g) = T (w—wp)? + B2 B0 Olw = o),
h(c) = p—oi ! only for 8 > o0; >0

7 (op—wo)?+(B—0)%"

= If g(w) has narrow features, o; needs to be small = harder to converge

Nir Nevo Dinur (TRIUMF) Lanczos sum rules TRIUMF, 2.28.18
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R TRIUMF LSR: Lanczos sum rule method

The applicability depends on the form of g (w). For example:

_ P !
g) = T (w—wp)2+ B2 B0 Olw = o),
h(c) = p—oi ! only for 8 > o0; >0

7 (op—wo)?+(B—0)%"

= If g(w) has narrow features, o; needs to be small = harder to converge

@ The LSR method uses Lanczos to obtain Ip; (NND et al.,, PRC'14)
1. without solving S(w)
2. efficiently and accurately

3. with rapid convergence
(generalizes similar methods as in:
Haxton et al., PRC'05; Gazit et al., PRC'06; Stetcu et al., PLB'08, PRC'09)
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R TRIUMF LSR: Lanczos sum rule method

@ For example, for the dipole response, calculated with M ~ 10°, we get
1.1

0.9 j///
0.8 ’/ / —3/2
d

Normalized Sum Rules

[ -1
%71/2
0.7 ~f T _—
A2 L
0.6 Cn T
j w+3/2 o
0.5 1
0 50 100 150 200

Lanczos Steps

NND, Barnea, Ji, and Bacca, PRC (2014)
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R TRIUMF SA-NCSM-HH-LSR Benchmark

@ ‘He: J™ =0T
o N3LO, JISP16
@ Quadrupole (E2): IS+IV
— Dipole (E1) & Isoscalar Monopole (EO)
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@ TRIUMF Preliminary Results: ‘He

4He ground state energy (JISP16)
27
-27.5
S 28 —
2 TN— - =
= 285
2
o -29
L SA-NCSM, JISP16
295 == Bare HH, JISP16
-30
2 4 B 8 10 12 14 16 18 20 22
Nmax or Kmax

G.S. energy (FE;) converged

TRIUMF, 2.28.18 23 /30
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@ TRIUMF Preliminary Results: ‘He

4He Quadrupole NEWSR (JISP16)
16
14 ./"‘—-——F = =
12
<t
::E 10
o 8
2 6
S 4
! SA-NCSM, JISP16
2 welll= Bare HH, JISP16
0
2 4 6 8 10 12 14 16 18 20 22
Nmax or Kmax

Total quadrupole strength (Ip(E2)) converged

24 / 30
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S TRIUMF

30

25

20

0

Removal of CM from quadrupole
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@ TRIUMF Preliminary Results: ‘He

0 4He Dipole EWSR (JISP16)
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@ TRIUMF Preliminary Results: ‘He

4He Isoscalar Monopole EWSR (JISP16)
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@ TRIUMF Preliminary Results: ‘He

4He Quadrupole LIT, 5,=10MeV (N3LO)
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QR TRIUMF Summary

Precise nuclear calculations are crucial in many high-profile efforts, e.g. v-less 33 decay;
searches for EDMs; etc. Particularly, they are the bottleneck in A spectroscopy.
The LIT & LSR methods are crucial for ab-initio calculations needed for such efforts.
They can be used with any bound-state method to obtain dynamical nuclear observables.
However, the applicability is not guaranteed.
They were used successfully with HH and NCSM in intrinsic Jacobi coordinates, and with
Coupled-Cluster, for calculations of 34dHe, 16:22Q, 4048,
Many applications have yet to be exhausted (Sonia and Gaute's talks).
We used the LSR method to calculate the corrections for ;1A spectroscopy,
and proved its applicability using LIT.
Here we use the LIT & LSR with (SA)NCSM in the lab frame,
demonstrate how the CM can be easily removed,
and benchmark with HH.
The use of SA-NCSM will allow high-N,,,.. calculations of dynamical nuclear observables in
open-shell nuclei, including for A where 6 < A.

Nir Nevo Dinur (TRIUMF) Lanczos sum rules TRIUMF, 2.28.18 30/ 30
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@ TRIUMF Preliminary Results: ‘He

4He Quadrupole EWSR (N3LO)
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@ TRIUMF Nuclear polarization: basic idea

@ Hamiltonian for muonic atoms

H= Hyya +H,+AH “
B P> Za
B om, r

@ Corrections to the point Coulomb from protons
Z /1 1
AH = - —
“ Z ( = R¢|>

@ Evaluate inelastic effects of AH on muonic spectrum

in 2" order perturbation theory

5pol - Z <N0/-L0|AH|N/J’>
N#NOJJ'

1
EN() - EN + €uo — €p

(Np|AH |poNo)

|f0): muon wave function for 2S/2P state

Thank you! Merci!



@ TRIUMF Nuclear polarization: contributions

Systematic contributions to nuclear polarization

ONR Non-Relativistic limit

0r + 07  Longitudinal and Transverse relativistic corrections

oc Coulomb distortions

oINS Corrections from finite Nucleon Size

Thank you! Merci! 4/9



R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron

Nucleus
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron
@ Expand muon matrix element in powers of
n= \/2mrw|R — R/l Nucleus
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron

@ Expand muon matrix element in powers of
n= \/m|R _ R/| Nucleus

@ |R— R'| = “virtual" distance the proton travels in 27 exchange
@ uncertainty principal |[R — R'| ~ 1/\/2myw

o~ /e~ 0.3
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R TRIUMF Non-relativistic limit

. . . . . lept
@ Neglect Coulomb interactions in the intermediate state epron

@ Expand muon matrix element in powers of
n=+2mw/R— R
@ |R— R'| = “virtual" distance the proton travels in 27 exchange

@ uncertainty principal |[R — R'| ~ 1/\/2myw

Nucleus

@~y /e ~0.3

3(Za)® [2 2
Pyn(w, R, R) ~ TeZ0) 2 [ g e V2@ g g M9 g g
12 w 4 10
Snr =00, + 00, +63)  ~ n? + 7 + n*
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R TRIUMF NR limit at LO: 6'0),

Svr = S + O + 0N

) 55\% x 172
27Tm§ 5 o er
59 =~ (20 [ o[PS, )
Wth

@ Sp, (w) = electric dipole response function [ D = RY;(R) |

° 5530{ is the dominant contribution to dpo

@ — Rel. and Coulomb corrections added at this order

Thank you! Merci!



R TRIUMF NR limit at NLO: 6%

Svr = Ok + 0Nk + 0N

° 5](\2% o n?

1 1 1
N = O

m]ﬁ Ao R .
ity =~ (Za)" [ [ dRARR - R (N0l (R)H(R)|No)

mi
24

50 = T (2a)” [ [ aRaR|R~ R po( B (R)

° 6g§pp = 3rd-order proton-proton correlation

° 6(213) — 3rd Zemach moment
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@ TRIUMF NR limit at NLO

Svr = Ok + 0Nk + 0N

° 5](\2% o n?

1 1 1
N = O

4 " p
ity =~ (Za)" [ [ dRARR - R (N0l (R)H(R)|No)

mi

24

4
(1 _ my

03 = 54 (Za)5//deR’|R—R’|3po(R)po(R’) = 55 (Z2a)’(r®) ()

° 6g§pp = 3rd-order proton-proton correlation

° 6(213) — 3rd Zemach moment
cancels elastic Zemach moment of finite-size corrections
c.f. Pachucki '11 & Friar '13 (uD) = d1PE = |0Zem + Opol|
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R TRIUMF NR limit at N2LO: 62},

sy = 60k + S + 00

55\?1{ o nt
m 167r 167
65\?3? = 1q / dw |:SR2 + 5 SQ( ) 5 SDle(w)

@ Sgp2(w) = monopole response function
@ So(w) = quadrupole response function

® Sp,p,(w) = interference between Dy and Dy [ D3 = R*V,(R) |

Thank you! Merci! 8/9



S TRIUMF

Uncertainty estimates

13 He' u3H

Error type 5391 em  OTpE 5301 em  OpE
Numerical 04 0.1 0.1 0.1 0.0 0.1
Nuclear model 1.5 1.8 1.7 22 23 22
ISB 20 02 0.5 09 02 0.6
Nucleon size 16 15 0.6 06 1.3 0.0
Relativistic 0.6 - 1.5 1.4 - 0.3
Coulomb 1.2 - 0.3 03 - 0.2
Multipole expansion 2.0 - 0.6 2.0 - 14
Higher Zor 1.5 - 0.4 0.7 - 0.5
Magnetic MEC 0.4 - 0.1 0.3 - 0.2
Total 4.1% 23% 2.5% 3.6% 27% 2.7%

Thank you! Merci!
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