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Combined with ab-initio few-body methods,
provide first-principle approach to nuclear systems

Goal: chiral EFT as a precision tool
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[NDA, DimReg]

Two-nucleon force Three-nucleon force Four-nucleon force
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LO (Q°)

NLO (Q?)

N2LO (Q3)

N3LO (Q%)

N4LO (QS)

— long-range interactions are parameter-free predictions (all zN LECs known)
— all expressions are derived using dimensional regularization of loop integrals
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Three-nucleon force
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Four-nucleon force
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Regularization

One has to introduce a regulator with A ~ Ay. In practice, low values of A are preferable:

— many-body methods require soft interactions,
— spurious deeply-bound states for A > Acrit make calculations for A > 3 unfeasible...

—> it is crucial to employ a regulator that minimizes finite-A artifacts!
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One has to introduce a regulator with A ~ Ay. In practice, low values of A are preferable:

— many-body methods require soft interactions,
— spurious deeply-bound states for A > Acrit make calculations for A > 3 unfeasible...

—>» it is crucial to employ a regulator that minimizes finite-A artifacts!

14 4
Nonl |- yres e A 1 1 p'* + pt O(A%) EE, Gléckle, MeiBner *04;
onlocal: V% x — —— -+ B Entem, Machleidt *03;
i q 2 4 M,% q 24+ M.,?. A4 Entem, Machleidt, Nosyk ’17; ...

~
affect long-range interactions...

_a?+m2
e A2
Local: V% oc YT > =3 Yz (1 + short-range terms) Reinert, Krebs, EE *18;
[inspired by q ™ q L

Thomas Rijken]

—>» does not affect long-range physics at any order in 1/A2-expansion

— Application to 2t exchange does not require re-calculating the corresponding diagrams:
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polynomial
in g2, M,

— Convention: choose polynomial terms such that A™Vj, iong(7)| _ =0
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Regularized 2n-exchange potential (central isospin-dependent part of |:1+ t::j ):

Various regularization approaches
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® The newest Bochum NN potentials up to N4LO+ provide a perfect description of mutually
consistent NN data up to the pion production threshold Reinert, krebs, EE, EPJA (18); PRL 126 (21) 092501

high-precision ,realistic* potentials Idaho xEFT Bochum SMS xEFT ('21)
NijmI ~ Nijm II = Reid93  CD Bonn | |N'LOj,, N'LO{, | | N'LO,.,, N'LO.,,
1.061 1.070 1.078 1.042 2.019 1.203 1.013 1.015
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high-precision ,realistic* potentials Idaho xXEFT Bochum SMS xEFT (°21)
NijmI ~ Nijm II = Reid93  CD Bonn | |N'LOj,, N'LO{, | | N'LO,.,, N'LO.,,
1.061 1.070 1.078 1.042 2.019 1.203 1.013 1.015

® A representative example: pp scattering observables at Eiap = 143 MeV
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Few-nucleon systems at N2LO

The leading contribution to the 3NF (Q3, N2LO): }+{ CDX{ %

parameter-free fixed from 3N data:
— 3H binding energy

— Nd cross section minimum
at 70 MeV [K. Sekiguchi et al.’02]

= test the yEFT Hamiltonian, fixed in A < 3 systems, in heavier nuclei

LENPIC: Low Energy Nuclear Physics International Collaboration
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— 2NF only underestimates the data; adding the 3NF improves the agreement with exp.
— 3NF contributions of natural size (W. counting)
— small residual cutoff dependence

LENPIC: Low Energy Nuclear Physics International Collaboration
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Tensor analyzing powers in Nd elastic scattering at 70 MeV

Predictions for ground-state energies of light nuclei
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Tensor analyzing powers in Nd elastic scattering at 70 MeV
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(In-Medium NCSM)

14

16 18 20 22 24 26

LENPIC

A remarkable
predictive power!
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Precision determination of charge radii
of light nuclel

Filin, Baru, EE, Krebs, Maller, Reinert, PRL 124 (2020) 082501;
Filin, Moller, Baru, EE, Krebs, Reinert, PRC 103 (2021) 024313;
Filin, Baru, EE, Kérber, Krebs, Méller, Reinert, in preparation




The charge radii are defined as a slope of the
charge form factor Gc:

0G(Q?
]

02=0

What we calculate in the structure radius, which
incorporates all nuclear effects:

2 __ 2 2 3 A-Z ,
re=Tg T\ 1)+ + 'n >< isoscalar charge density

2
4m; Z available to N*LO (3 LECs)

3He “He Motivation:
r =1.968 3)fm r=1. m . n .
" Prabminan e A — underpredicted radii for medium-
R. Pohl 2022 .
mass nuclei found by LENPIC

5 " M " — new source of information on rp, rn
3 r = 17 2)fm (provided nuclear effects under control)
S r,=08409#)fm  r,=2.12772)fm " TREX Mainz
] Antognini et al. 2013 CREMA 2016 [in progress] . .. .
g oM 1550 precision tests of chiral EFT
= mroun et al.

Number of neutrons



The charge and quadrupole form factors of the deuteron at N‘LO
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"\.\ 1Gc(Q)l
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Filin et al., PRL 124 (2020)
£ Filin et al., PRC 103 (2021)

Ga(Q)

0

1

2

3
Q [fm™]

4 5

The extracted structure radius
and quadrupole moment:

_ 0.0015
Fe = 1.97297 00015 fm

— 0.0038 ¢.-2
0, = 0.2854+00038

A

— —~
statistical and systematic errors due to
the EFT truncation, choice of fitting range
and 7N LECs

The value of Q, is to be compared with ngp = 0.285699(15)(18) fm? Puchaiskiet L., PRL 125 (2020)



The charge and quadrupole form factors of the deuteron at N‘LO

[— : . . . 100 : : : : : .
. The extracted structure radius
~ |Ge(Q) N Go(Q) |
~ \\& and quadrupole moment:
0.100} ™ 10l ]
R _ +0.0015
- gﬁ\& Fee = 1.97297 50012 T
%
G
0.010} ! 1t ] — +0.0038 ¢,.-2
- g N .
0.001t A =500 MeV 0.1k F!I!n etal., PRL 124 (2020) statistical and systematic errors due to
' 0 . . il . 1t Filin e‘t al., PF?C 103 (.2021) . . the EFT truncation, choice of fitting range
0 1 2 3 4 5 6 0 1 2 3 4 5 6 and 7N LECs
Qfm™ Qfm™

The value of Q, is to be compared with ngp = 0.285699(15)(18) fm? Puchaiskiet L., PRL 125 (2020)
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Combining our result for rg. =r;—ry—r; — s with the
D
: : 2 _ 2 _ 2
'H-2H isotope shift datum r; — r,; = 3.82070(31) fm~ leads our result
to the prediction for the neutron radius: I
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2 _ +0.005 .2 —+ | - KROHN 73
ry = —0.1057 ) 5o fm
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The charge and quadrupole form factors of the deuteron at N‘LO

— : : : . 100 : : : : : .
S~ The extracted structure radius
~ |Ge(Q) f Go(Q) |
. S and quadrupole moment:
0.100} N ﬁ\i\ ' r = 1.9729+0.0015 ¢
g‘% str — - —0.0012
0.010} \i\ . _ +0.0038 ¢ 2
0, = 0.2854+0.0038
- g A .
0.001t A = 500 MeV I El:m ot a:" ES(L:124 (2020) statistical and systematic errors due to
: = ‘ ‘ Il | : ilin e‘t al., ‘ 103 (.2021) ‘ ‘ the EFT truncation, choice of fitting range
0 1 2 3 4 5 6 0 1 2 3 4 5 6 and 7N LECs
Q[fm™] Qfm™

The value of Q, is to be compared with ngp = 0.285699(15)(18) fm? Puchaiskiet L., PRL 125 (2020)

Haecock et al., Science 373 (21)

. 3
Combining our result for 75, = rj —r; — r; —— with the
mp Atac et al., Nafure Commun. 12 (21)

'H-2H isotope shift datum r; — r; = 3.82070(31) fm* leads our result

to the prediction for the neutron radius:
—+—| - - KOPECKY 97

------ KOPECKY 97

—+— |- - KOESTER 95

—_—t ) ALEKSANDR... 86

2 _ +0.005 .2 —+ | - KROHN 73
r2 = — 0.105+0905 gy




Charge radius of 4He 1

0,500
2 out of 3 LECs in the short-range 2N charge density already 2 0100
fixed from the 2H FFs; the remaining one is determined from %0'050
the 4He FF < oo0s

0.0010

= | rc(*He) = 1.6798 £ 0.0035 fm

using CODATA r, and own determination of r,

Experimental value (p4He): rg"p(“He) = (1.67824 £ 0.00083) fm




Charge radius of 4He

2 out of 3 LECs in the short-range 2N charge density already
fixed from the 2H FFs; the remaining one is determined from

the 4He FF

=

Experimental value (u4He): rgXp(4He) = (1.67824 £ 0.00083) fm «rauth et al., Nature 589 (2021) 7843, 527-531

ro(*He) = 1.6798 + 0.0035 fm

using CODATA r, and own determination of r,

0.500

.100
.050

o o

he.c(Q?)] /2

= 0.010
~ 0.005

0.0010




Charge radius of 4He o~

2 out of 3 LECs in the short-range 2N charge density already
fixed from the 2H FFs; the remaining one is determined from

the 4He FF

=

Experimental value (u4He): rgXp(4He) = (1.67824 £ 0.00083) fm «rauth et al., Nature 589 (2021) 7843, 527-531

.100
.050

o o

c(@)/2

ey
= 0.010
~ 0.005

H

0.0010

ro(*He) = 1.6798 + 0.0035 fm Q (im™)

using CODATA r, and own determination of r,

Parameter-free prediction of the iso-scalar 3N charge radius

7cBNigoseatar) = \/ 1/3r2CH) + 2/3r%(*He) = (1.9058 + 0.0026) fm

preliminary, using CODATA-2018 rp and own determination of rn

Experimental value: rP(3N;ggcatar) = (1.903 £ 0.029) fm (limited by the 3H value)

Amroun et al. '94 (world average e~ on 3H); Pohl '22 (u3He)




Charge radius of 4He I i g
2 out of 3 LECs in the short-range 2N charge density already 2 100
fixed from the 2H FFs; the remaining one is determined from %0'050
the 4He FF L 008
0.001
= | ro(*He) = 1.6798 + 0.0035 fm e

Experimental value (u4He): rgXp(4He) = (1.67824 £ 0.00083) fm «rauth et al., Nature 589 (2021) 7843, 527-531

using CODATA rp and own determination of r,

Parameter-free prediction of the iso-scalar 3N charge radius

7cBNigoseatar) = \/ 1/3r2CH) + 2/3r%(*He) = (1.9058 + 0.0026) fm

preliminary, using CODATA-2018 rp and own determination of rn

Experimental value: rP(3N;ggcatar) = (1.903 £ 0.029) fm (limited by the 3H value)

MEC contribution increases from ~0.3% for 2H to ~3% for 4He! Heavier nuclei in progress...

Amroun et al. '94 (world average e~ on 3H); Pohl '22 (u3He)




Towards solution of the 3NF challenge

e High-precision NN potentials V,y describe NN data with y?/datum ~ 1

e No Hamiltonian H = Hy;, + V,n + V3 exists that can describe Nd data, e.g.:

Energy  potential A, Ty, oo 1o Toe
10 MeV AV18 288 29 10 62 24 ’
<«— y“/datum ~ 1
AV18+UR 224 23 13 6.1 7.6

Alejandro Kievsky, in Tews et al., FBS 63 (22) 4, 67



2N scattering 3N scattering

0.25

NLO, 68%
I N2LO, 68%

N3LO, 68% 0
I N“LO, 68%

-0.25

-0.5

-0.75

= precise description of 3N data will likely require pushing chiral EFT for the 3NF to N4LO

Challenges to be addressed:
— Conceptual: Consistent regularization of the SNF beyond N2LO

— Computational: Determination of > 15 LECs in the SNF at N4LO
[CPU time]an amplitude ~ 107 - [CPU time]on amplitude
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Using DimReg to calculate loop diagrams in the 3NF + cutoff regularization in the dynamical
equation violates the chiral symmetry



Using DimReg to calculate loop diagrams in the 3NF + cutoff regularization in the dynamical
equation violates the chiral symmetry

Feynman diagram Iterations of the Faddeev equation
— — === —
p— + <€—— 3NF calculated using DimReg
== == == Betrard, EE, Krebs, MeiBner ‘08
H—J H—J
Vin Go Van Vi

® Using DimReg everywhere: l.h.s. =r.h.s. = consistent



Using DimReg to calculate loop diagrams in the 3NF + cutoff regularization in the dynamical
equation violates the chiral symmetry

Feynman diagram Iterations of the Faddeev equation
— — === —
p— + <€—— 3NF calculated using DimReg
== == == Betrard, EE, Krebs, MeiBner ‘08
H—J H—J
Vin Go Van Vi

® Using DimReg everywhere: l.h.s. =r.h.s. = consistent

e Calculate the iterative diagram on the r.h.s. using cutoff regularization:

4 —> —
o
vz G,V =— 1 3(q5-0) — =(t 13— 1 - 13)(q 5 - ) R T
2N, A Y0 V3N, A 3(q3° 0 2 3= T NG,y 03
96« /27r F6 3 3+M2

Y I g

absorbable into cp: X -I violates chiral symmetry...




Using DimReg to calculate loop diagrams in the 3NF + cutoff regularization in the dynamical

equation violates the chiral symmetry

Feynman diagram Iterations of the Faddeev equation
— — === —
p— + <€—— 3NF calculated using DimReg
== == == Betrard, EE, Krebs, MeiBner ‘08
H—J H—J
Vin Go Van Vi

® Using DimReg everywhere: l.h.s. =r.h.s. = consistent

e Calculate the iterative diagram on the r.h.s. using cutoff regularization:

4 — —
Iz 27 _ 8A - = —  — q3° 03
VinaGoVina =—A——F——=—|n"5(g;3 01 = 5(72‘73 —71-13)(q," 03) = a0 o
96/ 273F6 L _ - “las+ M3
absorbable into cp: X -I violates chiral symmetry...

® The problematic divergence cancels if V§§‘1” is calculated using cutoff regularization.



Two-nucleon force Three-nucleon force Four-nucleon force

L0 (@) >< H _ _

wo WHEMET - -

rom BEL K -

NSLO (Q) >< +222+ (i-::: vj v | LA +

N*LO (@9) +j +xt + J H >K —
18 $-1-t

= 3NF and currents beyond N2LO must be re-derived using symmetry-preserving regulator

— e.g., the higher-derivative [siavnov 71] Or gradient flow regularization [Luscher "10]
— a new path-integral approach to derive nuclear forces and currents [krebs, EE, in preparation]




Consider e.g. the contribution to the 4NF at N3LO involving a 4n-vertex: I\

Unregularized expression:
EE, PLB 639 (2006) 456; EPJA 34 (2007) 197
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Consider e.g. the contribution to the 4NF at N3LO involving a 4n-vertex: I\

Unregularized expression:
EE, PLB 639 (2006) 456; EPJA 34 (2007) 197
4 — — = — = — = —
9ga 01°q102°Q2 03 Q3 04" Q4 N 9
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+ 3-pole terms + all permutations

Applying the gradient flow regularization method consistent with the 2NF yields:
Hermann Krebs, EE, preliminary

4 — - = - = — = —
Ve — 94 0141 02°G203 (304" (4 [(§+§>2+M2}
AN — 1 2
6 (72 2 -2 2 -2 2 —32 2 ™
2(2F7T> (ql + Mﬂ') (QQ + Mﬂ') (QS + Mﬂ') (q4 + Mw)
C@AME G@+ME GR4M2 CateM2 o gRemE g24M2 g2
X (46 A% e A2 e A2 — 3e " 2A2Z e " 2AZ e 2AZ e 2AZ )

+ 3-pole terms + all permutations



Consider a Hamiltonian A(C) that depends on continuously varying
LECs C = (C,, C, ..., Cy).

EC = variational method that allows to compute GS energy E and
state | ¥,,) of H(C) by projecting it onto the ,training“ states

(l)> H(C )|lP(l)> = E(l) (l)> Lee, Frame, Ekstrom, Konig, .

= generalized eigenvalue problem on a low-dim subspace
(1>> |\11(2)> - (d)>}

Has been successfully applied to medium-mass nuclei, 2-particle scattering [Fumstani et al.’20] and
even to 3-particle scattering znang et al.21].
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state | ¥,,) of H(C) by projecting it onto the ,training“ states

(l)> H(C )|lP(l)> = E(l) (l)> Lee, Frame, Ekstrom, Konig, .

= generalized eigenvalue problem on a low-dim subspace
(1>> |q;(2)> - (d)>}

Has been successfully applied to medium-mass nuclei, 2-particle scattering [Fumstani et al.’20] and
even to 3-particle scattering znang et al.21].

2-particle scattering as a test (fixed partial wave [ and energy E,, .. = k*/m)

The task: compute §(k) for H(C) without solving the LS equation for A(C) using some
training scattering states or phase shifts 5@ (k) of H(C,) with i = 1.....d.

Can be achieved using the Kohn variational principle for scattering states [Fumstani et al.,20].




Adapting rumstani et al., PLB 809 (20) 135719 10 Momentum space leads to the following procedure (fixed k):

1) calculate d half-shell K-matrices KIEQ (conventions: § = 1 —2imkTy, 1/K,; =Re(1/T,))

2) calculate the d x d matrix (AU),;:

(i5) 7-(7) (4)y 7 (i7) (4) v/ (i5) 7 (5)
N 2m Vi, K + K Vo 4m? Ko Virp K i
AU,“:V(”) < 24 p " p PP ][ 21 /][ 24 P pp P
(AU)y; ke T — [ pap k2 — 2 t— fTpap 7p p(k2_p/2)(k2_p2)
V@ =2V(C) - V(Ch - V(C)

3) compute the inverse matrix (AU);'

4) the on-shell K-matrix for ﬁ(f') is approximated as | Ky, >~ > . ciK,gi,g with the coefficients

> (AU)GES) +1
—1
Zij (AU)jz’

i ==y, (AU);! (K,SQ + A), with A= —



Example: the N4LO+ potential in the 'So partial wave with C = (C, 50> Cis0o D150):
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Example: the N4LO+ potential in the 'So partial wave with C = (C, 50> Cis0o D150):

0 0 ~ (/2 4p2) /A2
Vop = Vir +Vor + [Ciso + Crso(p? + p°) + Disopp’] P77 )/i

S——
. —~—
for the actual values of C, the short-range terms are non-perturbative

Diso 4 180 ‘ ........ [T [T [T [T [T
"Ophys (0.067, 0.347, 3.128) calculated exactly
06(-2.0, 1.0, 2.0) o o calculated via eigen-
14 ° % value continuation
0s(1.0, 3.0, 3.0) %
120 = A Nijmegen PWA
04(3.0, 3.0, 3.0)
Training points: L4
01(0.1, 0.0, 0.0) =
03(0.0, 0.1, 0.0) R 60
05(0.0, 0.0, 0.1) 1 o
R 0
Ciso

e Using just 3 training states in a tiny (perturbative) neighborhood of C = 0 allows for very
precise reproduction of (k) for all considered C and energies!

® Application to 3N scattering in progress



The 2N sector

e statistically perfect description of NN scattering data at N4LO+

e precision calculations of the deuteron form factors:

— determined r.

. (0.1% accuracy) and Q, (1.4% accuracy)

— combined with isotope-shift data, extracted the neutron radius

Heavier systems

e The main obstacle towards precision calculations is the uncertainty in the 3N force

e Based on the experience in the 2N system, a precise description of Nd scattering data
will likely require going to N4LO
e Major challenges:
— derivation of consistently regularized 3NF: Gradient flow method [Krebs, EE, in progress]
— determination of LECs: Eigenvector continuation [application to 3N scattering in progress]

Also promising results using emulators based on perturbation theory [witala et al. '21]

e More precision data for Nd elastic scattering [New exp. at RIKEN RIBF by Kimiko Sekiguchi et al.]



