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Number of protons Z

'H
r,= 0.8406(4)fm
0.05 %

Antognini et al. 2013
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SHe

r = 1.97007(94)fm
0.05 %

CREMA 2023
arXiv:2305.11679

’H
1= 2.12758(78)
0.04 %

r =1.6786(12)fm
0.07 %

Krauth et al. 2021
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H
r=17xxx( 2)fm
TREX Mainz
[in progress]

CREMA:2016idx = 1.7550(860)fm
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Number of neutrons N
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Data from isotope shift
(rj — rj) = 3.82070(31)fm?
0.01 %

Pachucki et al. 2018
Jentschura et al. 2011
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® Chiral EFT for the nuclear Hamiltonian l(o, k)
H and J#

(P07 —E/Z), )\d (P07 E/2)7 Afi

e Use 1N FFs to avoid reliance on xEFT
for J{‘N (i.e., re-summations)

e Error analysis (statistical uncertainties of T
few-N LECs, N LECs, EFT truncation, T_ j
parametrizations of the 1N FFs) calculated consistently
in chiral EFT

@ Regularization and symmetries (3NF, MECs)
— gradient flow method (talk by Hermann)

e Starting from N3LO (Q4), one has to worry about:

— relativistic corrections
— isospin breaking effects (including neutron-neutron interaction)
— electromagnetic interactions beyond Coulomb

® Semi-analytical results for convolution integrals (to minimize numerical errors)
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LO (QO)

NLO (Q?)

N2LO (Q?3)

N4LO (Qs)

Two-nucleon force
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Four-nucleon force

Three-nucleon force

mixing DimReg with Cutoff regularization violates x-symmetry
= re-derive using Gradient Flow regulator
— talk by Hermann —
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The newest Bochum NN interactions Reinert, Krebs, EE, EPJA 54 (2018) 86; PRL 126 (2021) 092501
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Kdlling, EE, Krebs, MeiBner, PRC 80 (09) 045502; PRC 86 (12) 047001; Krebs, EE, MeiBner, FBS 60 (2019) 31

single-nucleon two-nucleon
Lo i W{
NLO wv\’l W%’".‘.. M+ | oo WWL--‘ F_‘
.......... LSOt | OMBIGS L e

' Y
depend on ds, do, dis, d21, d22, parameter-free
no 1/m corrections...

Can be g
varametrized WTX] wt){ ) | e
in terms of the : a g : :
: : 4 :
nucleon FFs et i +N°LO “’X :

parameter-free static two-pion exchange H [3 LECS]

2 \ . .
M ) eee Maesesrnnaaa s nanan :
\ J
— v
~—

H M
= depend on Cz, Cs, Cs, C7 + Ly, La;
no loop corrections

depend on Ct



The deuteron (A = 2)

Arseniy Filin, Vadim Baru, EE, Hermann Krebs, Daniel Méller, Patrick Reinert, Phys. Rev. Lett. 124 (2020) 082501;
Phys. Rev. C103 (2021) 024313

p?ﬁ:—eg ~Gp(k?)
N
G(QZ) — GMaIﬂ(QZ) + GDF(Qz) + GSO(QZ) + GBOOSt(Q2) + Glﬂ(QZ) + GCOI’]’[(Q2)
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— Both the nuclear force and the 2N charge density are available to N4LO

— Simple numerics
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Our results: r,

= 1.9729400015 O = 0285400038 g2

QEXP = 0.285 699(15)(18) fm? puchaiski et al., PRL 125 (2020)
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Error budget:
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The charge FF of “He (A = 4)

Arseniy Filin, Vadim Baru, EE, Hermann Krebs, Daniel Méller, Andreas Nogga, Patrick Reinert, in preparation

3NF beyond N2LO not yet available (However, no sensitivity to 3NF once the BEs are reproduced...)
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RelativisticTeriects

® Relativistic corrections start appearing in Von, Van and pon at N3LO
® Boosting 2H, SH(e), 4He to the Breit frame straightforward (effect decreases with A)

® Subtleties related to the form of the Schrodinger equation
¥EFT NN potential

N RN
For 2N: <2\/ﬁ2+m2+V)‘P=2\/k2+m2‘P N <—+V>‘P=—‘P
- o~ - m m
— — Ecws __ — - v
equation to be used for A > 2 equation we solve for A =2
Relationship between V and V: 2{\ P> + m?, V} +V?=4mv
— v

~ -
can be solved by iterations to obtain V

® Boosted potentials from the dynamical mass operator Polyzou et al., Few Body Syst. 49 (2011)

vV, = \/<2,/132+m2+\7>2+q2—\/<2 ﬁ2+m2)2+q2 [_67
J

. N
Y Y q
M (V) MY, @

e Relativistic Faddeev/FY equations witala et al. '09; Kamada et al. *19; Kamada ’20; Hadizadeh et al. 20
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Preliminary result for the 4He structure radius:

r.(*He) = 1.47xx £ 0.0028

+ 0.0011

trunc sta

. +0.0010

rucl—pp 1M (Preliminary)

Consistency check (residual cutoff dependence):

*He structure radius [fm]

1.55

1.45

1.351
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NLO

N2LO

Order in the EFT expansion

1 orange band = our prediction =+ total uncertainty

1 cutoffs
{ A =400 MeV

] A =550 MeV
error bands = XEFT truncation uncertainty -

N3LO N4LO




Preliminary result for the “He charge radius:

ré(“He) =

Theory versus experiment:

4He charge radius [fm]
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Alternatively: Nucleon size from 4He radius

ry+ 1, = (0.6xx =0.010) fm?

3
r2(*He) = r2.(*He) + <rj+—> +r: >
4m3

r, = (0.8xx £0.007) fm

preliminary (own determination of ry)

Proton charge radius
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Isoscalar charge radius of A =3 nuclel

Arseniy Filin, Vadim Baru, EE, Hermann Krebs, Daniel Méller, Andreas Nogga, Patrick Reinert, in preparation

Isovector p,y beyond N2LO not yet available = focus on the isoscalar radius
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Predicted value of the isoscalar 3N charge radius risescalar — \/ E(

roosealar = (1.90xx =+ 0.0026) fm

preliminary (own determination of ry)

Experimental value:  r&%e™ = (1.9010 % 0.0260) fm

error dominated by the 3H datum

= our prediction is 10x more precise than the
current experimental value

The ongoing T-REX experiment in Mainz [pohi et al] aiMSs
at measuring the 3H charge radius within £0.0002 fm

(i.e., 400x more precise) = the isoscalar radius will
be known within £0.0009 fm

= precision test of nuclear chiral EFT
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r = 1.97007(94)fm
0.05 %
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r = 1.7550(860)fm
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® Charge & quadrupole FFs of 2H are in good shape (N4LO, high-precision)

e Other systems and processes are limited to N2LO accuracy due to unavailability of
(consistently regularized) many-body forces & exchange currents

= symmetry-preserving gradient flow regularization tai by Hermann

® Correlations between BEs and radii can be employed to obtain precise results for
the Charge FFs of He & 3H(e)isoscalar already at this stage Arseniy Filin et al., in progress

® 4He: Nuclear effects under control = new source of information about 1N radii

e 3He/3H: prediction for the isoscalar 3N charge radius 10x more precise than exp!
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