Chiral effective beld theory
for nuclear forces

Summary day 4

— Pion exchange has to be treated non-perturbatively L finite-cutoff formulation of
chiral EFT

— Nuclear forces and currents = non-iterative contributions to the amplitude. They
obey the standard ChPT power counting and can be derived e.g. using the MUT

Today: State-of-the-art and applications
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Outline Day 5

1. The 2N system

— regularization, determination of LECs, uncertainty quantification, ...
— precision determination of the pion-nucleon coupling constants

2. The 3N-force challenge

3. Electroweak currents

4. Chiral EFT and lattice QCD
5. Nuclear lattice simulations

6. Summary Day 5
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Chiral power counting provides a natural explanation for the observed hierarchy of nuclear forces!
Similar program is being carried out in chiral EFT with A(1232) [ordonez et al., Kaiser et al., Krebs, EE, Meigner].
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Scheme dependence (unitary ambiguity) starts showing up at N3LO: 2 phases (Bs, Bs) in the long-
range relativistic corrections + 3 off-shell short-range terms in the 1S, 3S1 and €1 channels.
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The published expressions for the nuclear forces make use of dimensional regularization for loop

integrals. Additional regularization is required when solving the Schrédinger equation!



The 2N system




The NN potential from chiral EFT

P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

So far, discussed the derivation of chiral potentials (using DR). Next steps:

— determination of the IN LECs to fix the long-range nuclear force
— reqgularization
— determination of the contact interactions (implicit renormalization)



Effective chiral Lagrangian:

L, = |—1(12) + |—1(14) + low-energy constants
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Pion-nucleon scattering amplitude for m2(gs) + N(p1) - m°(g2) + N(p2):

E+m—O . . 5
TR = o b2 g;(w,t)+ TimlPa (IE_h;(w,t) + j[P8°1 € g;(w,t)+ Ty (IE_h;(oo,t)

calculated within the chiral expansion

Pion-nucleon scattering up to Q4 in heavy-baryon ChPT
Fettes, Meigner 000; Krebs, Gasparyan, EE (12

0
- P -~ P —_ T é T I T I ] T I T I T T I T I T l/ T
A ’ ~ . > - e B | 2 5 2—
. ’ -~ . o — < - P P /'/ Q 1
Order Q: AN S P B N B
= 5 N B 31 NG TRt
© 0_| | Il | Il | |--10_| | Il | Il |\| -2_| |Q3|\\A |Q4_
S S iR Re ‘.. e 0 50 100 150 200 O 50 100 150 200 _ 0 50 100 150 200
A 4 . ’ ~ P —_ o B I
Order Q2: —g— P el eee 3
Ci 8 1F
© . . o Sso .-" w Y
> 4 . == ’ S e’ 0
. . . S N, PO 0 0
Order Q3: —‘. z = = ! : Xy — [ [
d; 802 2F
& r i
’ . \) @ S 01 K=
4 ‘\ o' ‘\ o° BN "' \\"4" ¢" e 0-. L 0 L 0-.
Order Q4: 00— ——Y . el eee 0 50 100 150 200 -0 50 100 150 200 O 50 100 150 200
€

P [MeV/c] P, [MeV/c] P [MeVic]



V_s—u
am

subthreshold
expansion

u-channel

potential

/

/

///s = (m—}—M)2

. t=4M?

IN scattering,
physical region

s-channel
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Matching ChPT to IN Roy-Steiner equations
Hoferichter, Ruiz de Elvira, Kubis, Mei8ner, PRL 115 (2015) 092301
e '' expansion of the 'N amplitude expected to
converge best within the Mandelstam triangle

e Subthreshold coefficients (from RS analysis)
provide a natural matching point to ChPT

_ L
X = XmVM", X ={A* B*}

m,n

® Closer to the kinematics relevant for nuclear
forces...

Relevant LECs (in GeV) extracted from IN scattering

C2 C3 ca di+dy ds ds dig—dis €14 e17
[Q*ue.nn, GW PWA  —1.13 3.69 —5.51 3.71 557 —535 002 —10.26 1.75 —0.58}KrebS,GaSparyan,EE,
[Q*]ne, NN, KHPWA  —0.75 349 —4.77 334 621 —6.83 078 —1202 152 —0.37] "RE¥0205000
[Q*]ne, NN, Roy-Steiner —1.10 3.57 —554 4.17 6.18 —891 0.86 —12.18 1.18 —0.18 pa 11t (16065501
[Q%]covariant, data —0.82 3.56 —4.59 3.44 543 —458 —0.40 —9.94 —0.63 —0.90 Siemensetal,

PRC94 (16) 014620

— Some LECs show sizable correlations (especially ¢c1 and c3)...

— RKE N4LO [Reinert, Krebs, EE, EPJA 54 (2018) 88]: Q4 Pt to RS and Q4 bt to KH PWA

With the LECs taken from IN, the long-range NN force is completely fixed (parameter-free)



CRegularzatio

The cutoff A has to be kept finite, A ~ Ay (unless all counterterms are taken into account in the
calculations) [Lepage 097; EE, Gegelia 109]. In practice, low values of A are preferred:

— 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!

_ phapt 1 4 C .
Nonl |- e e Ar 1 1 p™ + p? OA—?) EE, Gléckle, Meigner 004;
oniocail.: x 5 B Entem, Machleidt (03;
in E+ M% dzH' M% N4 Entem, Machleidt, Nosyk 17; E
— g
affect long-range interactionsE
_&Zrmg 1
e N2
Local: Verfg % I m (1 + ShOft-range termS) Reinert, Krebs, EE (18;
[inspired by T T

Thomas Rijken]

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

— Application to 2! exchange does not require re-calculating the corresponding diagrams:

2 Ld, 2 2 Lds 2
T 2My g2 + M2 T 2My g2 + 2
polynomial
in g2, My

— Convention: choose polynomial terms such that A"V, .ong(EIE =0




The general structure of the long-range potential is:

V(K = Ve@@) + 11 TaWe(q) + [Vs(@) + T1 - ToWs(q)] @& &1+ [Vo(q) + T1 - To W (q)] Gt G5+ G
+ [Vis(q) + T1 - ToWis(Q)] i@ &) - (63 kY

1 1 1 1
@ +AM7Z, g2+ 4Mg+g
q 2My

Consider the NLO TPEP Wc¢(q) as an example:

VI p— :M2(5 A — 404 — 1) + ¢*(23gA — 1003 —1)+—489?*M# _f{
c \4)= 3RAT2F 2 n(P9a ~ 204 Q" (250a Ia IMZ 1 g2 q
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Dispersive representation: W( )(q) = E . u/; q* Mg(f)qz + a+B¢* with p(u) =1Im Wéz)(o —ip)

(Notice: Im L(0* —iy) = p2—4M2/p).

Regularization and subtractions:
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du N 22
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Regularized 2!-exchange potential:
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Various regularization approaches
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P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

® Contacts at N4LO+: 2 [Q0] + 7 [Q2] + 12 [Q?] + 4 [F-waves, QF] + IB; Gauss regulator
® Use scattering data together with Bq = 2.224575(9) MeV and bnp = 3.7405(9) fm.

e Since 1950-es, about 3000 proton-proton + 5000 neutron-proton scattering data below
350 MeV have been collected.

e However, certain data are mutually incompatible within errors and have to be rejected.
2013 Granada database [Navarro-Perez et al., PRC 88 (2013) 064002], rejeCtion rate: 31% np, 11% pPp:
2158 proton-proton + 2697 neutron-proton data below Ejap = 300 MeV
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e Incomplete treatment of IB effects: Vi + Vi + Veont (1S0)
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— Clear evidence of the parameter-free chiral 2! exchange (Roy-Steiner LECs)!
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P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

"2/datum for the description of the Granada-2013 database: "EFT vs. phenomenology

Eiab bin CD Bonn(43) Nljm |(41) Nljm ||(47) Reid93(5o) N4LO+(27+1), this work

neutron-proton scattering data

0 — 100 1.08 1.06 1.07 1.08 1.07

0 — 200 1.08 1.07 1.07 1.09 1.07

0 — 300 1.09 1.09 1.10 1.11 1.06
proton-proton scattering data

0—100 0.88 0.87 0.87 0.85 0.86

0 — 200 0.98 0.99 1.00 0.99 0.95

0 — 300 1.01 1.05 1.06 1.04 1.00

For the first time, chiral EFT potentials qualify for being regarded as PWA!

N4LO+*: semilocal (Reinert, Krebs, EE) vs. nonlocal (Entem, Machleidt, Nosyk)
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In most cases, the uncertainty is dominated by truncation errors. Consider an observable X(p):

I_pl Meﬂ- L
X(p) =|co + Q% +¢c3Q3 + ...+ ciQ'|+|cin Q™ + ... | where Q = max ™ AT[
b b

known from explicit calculations truncation error X0 to be estimated

Instead of just assuming C;,; L1, use the information from the known ¢, ; I[EE, Krebs, MeiBner 15]

Bayesian approach to estimating truncation errors [Fumstahl et al. (BUQEYE) 15-21; EE et al. "19]

— assume some common probability distribution function for C; (= prior pdf)
— calculate the posterior probability distribution function pr(dX®|c, ;)

— at high chiral orders, almost no dependence on the prior...
— easy to implement and universal

Example: neutron-proton total cross section at 100 MeV [A = 450 Mev]
Otot — 84.0[q0] — 10'2[(]2] + 0.4[q3] — 0.4[q4] + 0.6[q5] — 0.0[qe]

= 74.35(14)(17)(1) mb
truncation error (68% DoB) —T T— uncertainty in the 1N LECs
statistical error (NN LECs)
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Example: neutron-proton total cross section at 100 MeV [A = 450 Mev]
Otot — 84.0[q0] — 10.2[q2] + 0.4[q3] — 0.4[q4] + O.G[qs] — 0.0[qe]

= 74.35(14)(17)(1) mb
truncation error (68% DoB) —T T— uncertainty in the 1N LECs
statistical error (NN LECs)




- Precision determination
Of pion-nucleon coupling constants

Patrick Reinert, Hermann Krebs, EE, Phys. Rev. Lett. 126 (2021) 9, 092501

e Fundamental observables that control the strength of the nuclear
forces due to !-exchange

e Insights into isospin breaking at the hadronic/nuclear levels

e Gold-plated benchmarks for lattice-QCD + QED




_ _ | _ | Standard notation:
fs Fropp Fropp

2f02 - fnipn f-r[ipn

2 o
f 193 ® — fixed-t dispersion relations of IN

] 199 X scattering
: : E : Markopoulou-Kalamara, Bugg 093; Arndt et al. 004

1999

m — !N scattering lengths + Goldber-

ger-Miyazawa-Oehme sum rule
Ericson et al. (02; Baru et al. (11

f2 19993 Vv — proton-antiproton PWA

| Timmermans et al. (94

oY — < — neutron-proton (+ proton-proton) PWA
: i P - Klomp et al. (91; Stoks et al. (93; Bugg et al. (95;
1995 de Swart et al. 097; Rentmeester et al. (199

" !:#$ !"!:#% " !:#& !"!:#' !"!:#( !"!:## !"!:#) !"!:#* !":!)



f02 21991 5
1907 fo = —Tronn fnopp
fs - ":T[opp fnopp
21:02 — fnipn fnipn

® — fixed-t dispersion relations of IN

scattering
Markopoulou-Kalamara, Bugg 093; Arndt et al. 004

m — !N scattering lengths + Goldber-

ger-Miyazawa-Oehme sum rule
Ericson et al. (02; Baru et al. (11

Vv — proton-antiproton PWA

Timmermans et al. (94

< — neutron-proton (+ proton-proton) PWA
Klomp et al. (91; Stoks et al. (93; Bugg et al. 095;
de Swart et al. (97; Rentmeester et al. (99

2017 Granada PWA: evidence for
| significant charge dependence of
o7 Navaroperezetal the coupling constants:

2 — 2 = 0.0029(10)

.-
2011

" !:#$ " !:#% " !:#& !"!:#' !"!:#( " !:## !"!:#) !"!:#* !":!)
f.2
! Navarro Perez et al., PRC 95 (2017) 6, 064001



Anatomy ortne calculaton

The goal: Bayesian determination of f¢, f5 and f§ by performing a full-fledged PWA of NN data

up to pion-production threshold in the framework of chiral EFT
1. Experimental data:

— About 8000 published np and pp scattering data below Eiab = 350 MeV. Not all data
are mutually compatible...

— Selections of mutually compatible data: Nijmegen 1993, Granada 2013, 2017

— Performed own selection of compatible data (found some differences to Granada...)
2. Interaction model:
— Long-range EM mteractlons M M w W M }m *
(included in all PWA..

— Semi-local chiral NN interaction at N4LO+
from P. Reinert, H. Krebs, EE, EPJA54 (201888 AN [~

The treatment of isospin-breaking (IB) —
contributions was incomplete (limited Cfr?t:éﬁe'f‘% . f:’oé:;at?:tﬁ:\lfgzt:r'r‘]“r']\lo'—lgfijrfllfzed
to that of Nijmegen/Granada PWA) ’ i

We now include all charge-independence & charge-symmetry-breaking terms to N4LO.
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Have been employed in Reinert, Krebs, EE, EPJA 54 (2018) 88

Parameter-free: depend on dM:, dm = 1.29 MeV and
(dm)QCD = 2.05(30) MeV [Gasser, Leutwyler (75]

Depend on 3 N coupling constants + 3 IB contact
terms in p-waves
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van Kolck et~al.098; Friar et al. (99,003,004; Niskanen (02;
EE, Mei8ner (05




p(F?|D) = dAdC p(f°CA|D) =

NN data (to be specified later)

i
~
~

use Bayes’ theorem

Employ independent priors: p(f°CN\) = p(f?) p(C) p(/\)

Free parameters: 3 IN LECs % = {fZ, f2, 5}, the 251C + 5 IBLECs C and the cutoff A.

L1

dAdC

p(D|F2CA) p(F2CAN)

T— just a normalization constant

1
For normally distributed errors, the likelihood of data D is given by p(D|f*CA) = ﬁe 2

p(f?) — uniform prior (cuboid) to cover the range of possible values of f2
— uniform prior for A [[400 MeV, 550 MeV] (to be justified later)
_ multivariate Gaussian: p(C) = ( 2rC)~% exp(—EZF(2C?)) with C =5

- LECs at N4LO* in natural units
Z_ EE, Krebs, Reinert, Front. in Phys. 8 (20) 98
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Cc

Free parameters: 3 IN LECs T2 = {f?, fs, 2}, the 25 IC + 5 IB LECs C and the cutoff A.

— L1
D|F*CA) p(F*CA
O(F2D) = dAdC p(F2CAD) = dadc PITTEN) PUTCA)
f A p(D)
NN data (to be specified later) use Bayes’ theorem L just a normalization constant

1

1 2
For normally distributed errors, the likelihood of data D is given by p(D|f*CA) = ﬁe_ix
Thus, need to evaluate a 30 (C) + 1 (A) dimensional integral at ~108 grid points for 2... @)

Solution: Use the Laplace approximation by approximating the likelihood p(D|f*CA) via:

1

p(D|f2C/\) — %e—%[x?ﬂi,ﬁg(C—Cmin)TH(C—Cmin)]

—

where X?nin = sznin(fz,/\) at Cnin = Cmin(fZ’A) and Hij (fz’/\) - 6?32.3(; EIC=Cmin ’

1 I_"’lmax

1 _
— d/\ Pe_%(Xﬁqin+612CLinCmin_C71|:CLinA "Crmin) 1B (fz)
N Nmin det A | —
—
A =1/2H + 1/C?1

Then: | p(F?|D) =

the indicator function for 2

still requires ~104 determinations of 30 LECs C from NN data...



How does the integrand look like for some typical values £27

1010 ——————————— ————— —————————
105 |-
This shows that the employed
_qoof prior p(A) is indeed
% uninformative...
S,
— 105}
a
R
10-15 -
10-20 L~
(%%
X 1 I—,‘{maX ]_ _l(XZ 4+ 1 CT. Criin— 1 CcT. A 1C...; ) 2
Then: |p(f°ID) = = dA\ a/———e 2Xmin™ &2 =min=min™ 2 ~min min) 15 (F9)
N N\min detA | ——
A\j_1I/2H L& the indicator function for 2

still requires ~104 determinations of 30 LECs C from NN data...
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e Higher-order IN LECs c;, di, ei from the Roy-Steiner equation analysis: errors propagated
using the covariance matrix provided in Hoferichter et al., PRL 115 (2015) 192301.

e QCD contribution to Mn-Mp: used (dm)QCD = 2.05(30) MeV [casser, Leutwyler i75] cONSistent with
the lattice QCD+QED result (dm)QCD ~ 2.16 MeV [sorsanyi et al. i15] and with the updated calc.
(dmM)QCD = 1.87(16) MeV [casser et al. i20]. The resulting errors in 2 are found to be negligible.

e Truncation of the chiral EFT expansion for IB interactions:

Model 1: IB terms up to N4LO

Model 2: same as model 1 + N3LO !"-exchange . ‘
(involve large isovector MM kv =4.7) [ M | (&
Kaiser, PRC 73 (2006) 044001

Model 3: same as model 1 + N5LO 2!-exchange proportional to (& — f;)ck .
ST |

-
PR e
-

_fc(ZfC - fp - fn)C4
AF2M2,
. fc(fp - fn)
2F2ZM2,

[] []
V©®@Q) = 203 (G} GoEt 4= g?aet 62) 4M2 + g% A(Q)

] 1] ]
(t2+1)) 2M2+qg®> 4MZ2c; —c3(2M2 +g%) A(Q)

Calculate p(f?|D) using the Models 1-3 and perform (Bayesian) averaging at the end.
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e Experimental data: performed own recursive selection of mutually compatible np, pp data
using the standard 3o-criterion (found some differences with the Granada 2013 database).

e Setting the energy range [0, Emax] for the included NN data:
— higher Emax: more data available @) but lower accuracy of the EFT... &
— lower Emax: high accuracy of the EFT @) but less data & possible overfitting... &)

To avoid possible overfitting performed statistical consistency tests by verifying the normal

distribution of residuals (tail sensitive test by aidor-Noiman et al. Am. stat. 67 (2013) 249)
Rotated quantile-quantile plot for Emax = 220 MeV

Rotated quantile-quantile plot for Emax = 300 MeV

!

/ 68% conbdence band
95% conbdence band ——
residuaiﬂs +

$

%

/ 68% conbdence band
95% conbdence band ——
residu§ls +

To stay unbiased, average over independent analyses for Emax = 300, 280, ..., 220 MeV
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This work
1993
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1:993
1995
2002
2004
2011
i 2017 Navarro Pérez etal.
: : _ This work : :
g gy 1 g 1"14) g

f2

fc = 0.0779(9)(1.3)
f2 = 0.0770(5)(0.8)

f2 = 0.0769(5)(0.9)

t 1

statistical and systematic uncertainty in
errors due to the EFT trun- the subleading
cation, choice of Emax and IN LECs

data selection

Our fZ2 value is consistent with the
extractions from the IN system

Contrary to the Granada group, we
see no evidence for charge depen-
dence of the N coupling constants

Using the PDG-2020 value for the
axial charge ga= 1.2756(13), the
GT discrepancy amounts to (fc):

Act [LLY%



Our y\ Value corresponding to f2 reads:

Oy = 13.92 +0.09

Pionic hydrogen exp. at PSI (GMO sum rule)

[Hirtl et al., Eur. Phys. J. A57 (2021) 2, 70]
nmH mD . —
€ T €¢: Oy = 13.66+0.20

M gy = 13.96 £ 0.22

f 2 S
: : 1993
c s s .
i i i °
1993
V H
1994
: 1995
: -
2002
2004
2011
: 2017 Navarro Pérez et al.
: Y :
H H H H H Thls Work H H
s Qe g g 11( g 1"14) g

f2

ré)

0.0779(9)(1.3)
0.0770(5)(0.8)

0.0769(5)(0.9)

t 1

statistical and

cation, choice
data selection

errors due to the EFT trun- the subleading

systematic uncertainty in

of Emax and IN LECs

Our fZ2 value is consistent with the
extractions from the IN system

Contrary to

the Granada group, we

see no evidence for charge depen-
dence of the N coupling constants

Using the PDG-2020 value for the
axial charge ga= 1.2756(13), the
GT discrepancy amounts to (fc):

Act [LLY%



Motivation:

e treating A as an explicit DoF allows one
to resum (m, —my) ™" corrections

e superior performance of A-EFT@N2LO
for heavy nuclei Ekstrom et al. ’18

Results:

e A-contributions to the TPEP upto N2LO
known: improved convergence

e peripheral NN scattering (Born approx.):
hints of a slightly improved convergence
but similar results at the highest order
A. Gasparyan, H. Krebs, EE, in preparation

A-full EFT

A-less EFT

S [deg]

o v o N A O

O [deg]

A-full: Additional diagrams

NLO

N2LO

NSLO

N4LO

NSLO
N4LO

»
1N2LO
NLO

+::21 +::x:[ F-Ii: L:-:’:'

higher orders

Kaiser, Gerstendorfer, Weise '98

A B A L

::i:+ I keebs, EE, MeiBner 07

R O T

[work in progress by Victor Springer]




The 3NF challenge




Since the 90-es, we know that:

— 2N force is easy to parametrize:
2 (isospin) X 6 spin-momentum operators  “

— after removing inconsistent data (~10% pp
and ~30% np...), the rest of the data base
can be described with x?/datum L

Total Cross Section (barns)

Neutron Energy (MeV)

80

180 T

180 NPWA (93) | | 381

60 |-

Nijm |
| Nijm II | =h
Reid 93

20 -
60 -~

o

= x|

from NN-Online

L L Il L Il I Il I Il I 0 L L L L L Il L Il I Il I
50 100 150 200 250 300 0 50 100 150 200 250 300
Tiab(MeV) Tiab(MeV)

While the NN forces seem under control, large deviations
show up for Nd scattering signaling the missing 3N forces

I Ay, En= 200,

108, [

b 3
T N4LO* %é%%

— — CD Bonn

'(I' #:!....#)!
oy IHSH




The most general structure of a local, isospin-symmetric 3NF
Krebs, Gasparyan, EE (13; Phillips, Schat 013; EE, Gasparyan, Krebs, Schat (15

Generators G in momentum space

Generators G in coordinate space

G1:1
Go=T1 T3
Gs = @1} bzl
G4 = T1 - T3l @l
Gs = T2 - T3l @21
Ge = T1 - (T2 % T3)bl (G21x G3)
G7 = T1- (T2 X T3)b2) (da @)

Gg = 2] 2d 1 @21
Go = (] @adiz ] @3]
Gio = (] Gz G2l

Gu1 = T2 - Taf] dady 1 @21

Gi2 = T2 - Taf] dafiz ] @21

Giz = T2 - Tafe] dady 1 @21

Gia = T2 - Tale] dafiz 1 @21

Gis = T1 - Tala] dadio1 @3l

Gie = T2 - Talz] d2fz 1 @13l

Gi7 = T1 - T3] dadiz ] @zl
Gig = T1 - (T2 X T3)@ul Gadizl (dalx dz)
Gio = T1 - (T2 % T3)fal Gudy ] (G1x @2)

G20 = T1 - (T2 X T3)ul Guliz) dadiz] (Gaix da)

61:1
52:1'1-'[3
Gs = iz} @]
Ga =Ty T30l Gl
Gs = T2 - T3 il 621
66:'[1-('[2)(1'3)@' (21x @3)
G7 =T1 - (T2 % T3) @l (Piz X Fa3)
Gs = Fog - G123 - G3)
Go = Fos - GaF12 - €]
Gio = Fo3 - G1FF12 - €3]
G11 =To T3Pz ks
Gi2 =Tz T3l G1F12-
Gi3 =Tz T3 fiz - 6123 -
Gia =Tz Tsfiz - @ifF12 -
615=T1'T3?13'm13'
615=T2-T3f12'm12'
Gi7 = T1-Tsfoz - GifF1z -
Gis = T1 - (T2 X T3) 61} Galiz} (F1z < F23)
Gio = T1 - (T2 X T3) @iz} Poz Poz - (G11% 62)

§&EEEEY

G20 = Ty - (T2 X T3) Gal Fos @at Prp @) (Frz X F23)

Phenomenological models: - -

80 operators generated by
all possible permutations of
20 structures:

V(rig, s, ra1) = Gi Fi(riz, ras, ra1)
i=1
+ permutations

—

Gi Fi(01, 02, 03)
i=1
+ permutations

V (01,02, 03) =

Nonlocal: 320 (!) operators
Topolnicki 017

Fujita-Miyazawa, Tucson-Melbourne, _1° / T
Brasil, Urbana IX, Illinais, ... T T



(exp-theory)/theory (NN+3NF)
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Elastic nucleon-deuteron scattering

'do/dQ

50 B 250 MeV
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@

(exp-theory)itheary (NN+3NF)
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|
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‘heory (NN+3NF)

o
N

o
N

o

|
o
N

I [
C,,.C o

1
z,x’Cyz,x’ Xy X

50 D 250 MeV !

The spin structure of the 3N force
IS NOT understood!

7‘\\1\
Sm
| Coom

i !
0 0.5
(exp-theory)/theory (NN)

2" T

£ 0

= '

g |

0.51; i .
0.5 0

0.5
axp-thaory (NN)

from: Kalantar-Nayestanaki, EE, Messchendorp, Nogga, Rept. Prog. Phys. 75 (2012) 016301




EE et al. [LENPIC], PRC99 (2019); Maris et al. [LENPIC], PRC103 (2021); e-Print: 2206.13303

The leading 3NF depends on 2 LECs that
need to be determined from few-N data: }+{ CX{ h

— 3H binding energy yields cg = f(cp)

— Cp is determined from Nd scattering parameter-free

Differential cross section of Nd elastic scattering at intermediate and higher energies is
known to be sensitive to the 3NF:

2NF
@] c @]
9 &, 9
O @) @)
© 3NF o S
En ~ 10 MeV En ~ 50-150 MeV
ecms ecms

L use precise Nd cross section data at 70 MeV from RIKEN [Kimiko Sekiguchi et al. '02] 10 fix cp

LENPIC: Low Energy Nuclear Physics International Collaboration

@ e o #J)0ucH S Bl 4PN B OAK RIDGE




s
ST 70 Mev
a
g Vi |
S
1#$ |
[ |
!"#:

' ' = =400 MeV .
® ' =450 MeV ]
A "=500 MeV ]
¢ =550 MeV
[ |
® T ] _
4 1 adding the SNF@N2LO
- 0 ’ _-
00
O -
20 O ;
N o “a, ] 2NFonly

&-

@ (& (e Ca

— 2NF only underestimates the data; adding the 3NF improves the agreement with exp.
— 3NF contributions of natural size (W. counting)

— small residual cutoff dependence

é“,:?r

LENPIC: Low Energy Nuclear PhyS|cs Internatlonal Collaboration
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Tensor analyzing powers in Nd elastic scattering at 70 MeV

"#* # T T "#)* T T T T
e
g b ! f
2N e
"HE*
(8> g
(u#* NLO, 68%
I N2LO, 68%
\ L g ; .
$ !& l% N " $ll !&ll !%l
&" #!*"‘( &~ #!*+(
T — N —

Predictions for ground-state energies of light nuclei

-20
0+, 0) (0%, 1) (0, 2) ]
= @0 £ NLO, 68% DoB ]
-30 "8 2 9 = ]
*-8 (312, 1/2) g5 N2LO, 95% DoB |
$ aob =8 *el B N2LO, 68% DoB
¥ overbinding trend
+ 90f excellent agreement with data (growing with A...)
X ©.1) @0
:k}
-60 [ o xT
& (P, T) il .
w5 TOr x NLO A @
x
4 o N2LO without 3N forces Eu
z -80 | ] ) 0+, 0
¢ NZ2LO including 3N forces I
-90 Experimental values o
-100 : : - - : - I
‘He  SHe 6Li 7Li 8He 8Li 10Be 10B 12B 12C
L — T

| "_°_| SHe E.(2+,1)
| I—'—°—| °Li E.(37,0)
"Li Bx(17,1
"é*—i, Li Bo(§, 1
= L B3, D)
N=450 MeV - (53
A=500MeV i L Bu(0* 1)
: SLi B, (1F,1)
| |—'—°_| SLi B.(3%,1)
,_"":F’—|,_| SLi Eo(4%,1)
| |_°'_| | 0Be F,(2%,1)
,_;_,|—"’—_|| 0Be B, (2+,1)
| ————— B0
_°_';| | B Ex(1%,0)
|—°"—| OB E,(2%,0)
|—°—| o 1B E,(3%,0)
B E.(27,1)
: ‘ : 2B E,(0%,1)
|—°—| 2B E,(2+,1)
|:—°—| 2B Bi(17,1)
e e B Bu(3%,1)
| — : 2¢ B, (2+,0)
= 20 B,(1%,0)
",_’:'._| 2¢ B, (4%,0)
01 06 05 10 12 14 16
Xen/ Xoxp
L — S
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E Charge radii: A smoking gun?
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Chiral EFT at N4LO is expected to achieve a precision sufficient for solving the 3NF problem!

So, why are we not there yet??

neutron-proton scattering

NLO, 68%
I N2LO, 68%

N3LO, 68%
I N“LO, 68%

D00

proton-deuteron scattering

IRy
&
e
! )I! #&! #*1
0, I"#$k

Need to address computational and conceptual challenges:

— on the computational side: determination of LECs in the 3NF (~107 more CPU
time needed to compute the 3N amplitude as compared to the 2N one)

¢ ;.'.‘:;:i;-_'::_i Laozean

e g Ressanch
ZE8TC cowc
" . ."_




Conceptual challenge: 3NFs have been worked out using dimensional regularization. Is
it consistent to employ an additional cutoff regulator when solving the Faddeev equation?

Consistency can be tested explicitly by calculating (perturbatively) the on-shell amplitude.

Feynman diagram Iterations of the Faddeev equation
— — === —
—_— —_—
Vin Go Vi vt

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

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

4
qsliod]
vit GV . =—-A T, [ —TET -1 [
2N, A 20 V3N, A %WFG[l 3(aso P — (L3~ 1 3)(%:'30@] 3+ M2
absorbable into cp: X -I violates chiral symmetryE

L all expressions for the 3NF (and exchange currents) beyond tree level, i.e. N2LO must be
re-calculated using cutoff regularization that maintains chiral symmetry.

— e.g., the higher-derivative (siavnov 711 Or gradient flow regularization [Lischer "10]
— a new path-integral approach to derive nuclear forces and currents [krebs, EE, in preparation]



Electroweak currents




e Switch on external sources s, p, ry, I, and consider local chiral rotations:
r. - r/=Rr,R"+iR9,R", I, - I/=LL"+iLo,L’,

s+ip - sH+ip"=R(s+ip)L', s—ip - s—ip’=L(s—ip)R’

® Decouple !I's to get (nonlocal) nuclear Heda,v,s, p] (MUT) & get currents via

6He|:| 6HE|:|

sty “HONE S calculated at a=v=p=0, s=m,.

V2(K)I=

H Vu

p n
n n
Park, Min, Rho (95 Park, Min, Rho (93
Pastore et al. (TOPT) 008 NI (11: not renormalizedE Baroni et al. (TOPT) 016: incompleteE
Kolling, EE, Krebs, Mei§ner (MUT) (009,012; Krebs, EE, Mei§ner (MUT) (17: complete (1 loop) & renormalized,
Krebs et al. 0119: complete (1 loop) & renormalized also derived pseudoscalar currents

N about 250 topologies
N 2-loop/1-loop/tree for 1N/2N/3N operators

Also derived scalar currents, Krebs et al. (20



Krebs, EE, Meisner, Annals Phys. 378 (17) 317

Unexpected result: the continuity equation k-8 [He, p]! Why?

Naive (MUT): Hed] = nUJ, Hanlh] Usen  <— cannot renormalize V3 A7 ...

str

a,Vv,s,p * * determined in the strong sector (a =V = p =0, s = my)

Solution: employ a more general class of UT’s, namely

He fh, h] = U;]r[h] n UsTtr Hrn[N] User n UL [N] + %U;}r[h] Un[h] <« induce ko-dependence

in the currents (off-shell
Y effectE)
subject to the constraint U,[0, 0, mq,0] = n

Continuity equations = manifestations of the chiral symmetry, h(x) =2==2=5 hx):
Hecth, h] and He ', h’] should be unitary equivalent, i.e. there exists such u (t) that

L1

HefhShT = UT(®) Heclh, ] U(D) + i;itug(t) Un (1)

— OHer— dHe—.

This implies the relations for currents V,i(K) := et Al(K) == gt Pi(k) == et

L1 ) 9 L1 ) ) LL1 )
klAd) = Haw Ag(ked) — o~ kAN + [Har, Ag(K)] +imaP () +imgP ! (k)
1 _ o L1 _ LT
kNhed) = Har, Vo (ki) — o kN + [Haar, Vo (K]
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1/ rNN\Z Y / v . 1/ 1/~ N Y ) 'VV-V
ITc Ore 10 ¢ 0 ol0 |

Kolling, EE, Krebs, Meigner, PRC 80 (09) 045502; PRC 86 (12) 047001; Krebs, EE, Meigner, arXiv:1902.06839 [nucl-th]

single-nucleon two-nucleon three-nucleon

.

current charge

Q3

i p

Q-1

QO

M+qi-- «4---‘ oo '\N\a’ll»--- )W}-“‘ cor
\ \
\, \
_/ — _/
-

—

Y
depend on ds, ds, dis, day, dzz, parameter-free
no 1/m correctionsE

N/ SN é
% Ss  eee AN ves
I, \\ ”/

parameter-free static two-pion exchange

>< M><\
1 \
'v% vy | eee
\ /
\ 7/
— _/
—

%(_J
depend on Cz, Ca, Cs, C7 + Ly, La;
no loop corrections

PHAH FX-

—

N

PNt

Ql

N

—
parameter-free

The expressions for em currents
are off-shell consistent with the
nuclear potentials derived by
our group

depend on Cr



1/ 'N\7 V 1/ 1/ N = 1/~ N Y urv-r
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Kolling, EE, Krebs, MeiSner, PRC 80 (09) 045502; PRC 86 (12) 047001; Krebs, EE, Mei8ner, arXiv:1902.06839 [nucl-th]

single-nucleon two-nucleon
3 For review see:
Q T H. Krebs, EPJA 56 (2020) 240
Q-1 wv\’l M+1/T-- '\N+ | eee WWL--‘ }é_‘
The contributions to the
: current charge
----------- ;-----------------------------------------------.---------------------------------------------------------------- eXChange CurrentS Star'

,-+Ci M%eim ting from N3LO have to
P be rederived using con-
........... sistent regularization...

— A . g

Y Y
depend on ds, ds, dis, day, dzz, parameter-free
no 1/m correctionsE

Y — W11 wI){ . | gron—————

In terms Of the parameter-free MO-pion exchange + N4LO: MX
nucleon FFs :

/ \ . :
IH ) eee M ssssssEsEsEssEsEsEsEsEnanEnannnnnd :
\\ ’I
— g
—

E —
» depend on Cy, C4, Cs, C7 + L1, Lo;
no loop corrections

depend on Cr



Pre on“determinations o rgeradirorfigntnucile
@, @, @

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

Q?=0

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

A-Z

2 — 2 2 2
rc =rlgr + (rp + 2) + I isoscalar charge density
4m Z :
p available to N4LO (3 LECs)
3He e Motivation:
= 1.9687(13)f =N .. .
R R — precision tests of chiral EFT
R. Pohl 2022
— new source of information on rp,
< (provided nuclear effects under control)
g 1H 2H 3H
5 =080 ro=21277)fm | T — shed new light on p/d radius puzzles
3 Antognini et al. 2013 CREMA 2018 fin progress]
p+iso.shi _ . .
5 " Nrou etal 1064 — fix LECs in the short-range charge
‘ density L predictions for larger A

Number of neutrons



: A =500 MeV

\'\' | '!C"'#!

# & ' %
( l)*! "

Filin et al., PRL 124 (2020)
i Filin et al., PRC 103 (2021)

The extracted structure radius
and quadrupole moment:

— +0.0015
e = 1.972970.0018 gy

Qq = 0.2854+0.0038 12

A
— —~

statistical and systematic errors due to
the EFT truncation, choice of fitting range
and 1IN LECs

The value of Qy is to be compared with QP = 0.285 699(15)(18) fm? puchaisiietal. PAL 125 (2020)

2

Combining our result for rg, =

'H-2H isotope shift datum rf — rg = 3.82070(31) fm® leads

2 _ 2 _
g —r

p

to the prediction for the neutron radius:

3 .
—— with the
4

ry = —0.105%) 002 fm?

—0.006

our result

- - KOPECKY 97
------ KOPECKY 97
- - KOESTER 95
—_—t ) ALEKSANDR... 86

-} - KROHN 73
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: \ =500 MeV
TV TR
Q'

Filin et al., PRL 124 (2020)
i Filin et al., PRC 103 (2021)

# & ’ %
'Ol

The extracted structure radius
and quadrupole moment:

— +0.0015
e = 1.972970.0018 gy

— 0.0038
Qq = 0.285470.0038 fry2

A
~ N

statistical and systematic errors due to
the EFT truncation, choice of fitting range
and 1IN LECs

The value of Qy is to be compared with QP = 0.285 699(15)(18) fm? puchaisiietal. PAL 125 (2020)

2 —

Combining our result for rg, =

3
2 — 12— —— with the

P 4m?2

2 _
g —r

'H-2H isotope shift datum rf — rg = 3.82070(31) fm® leads

to the prediction for the neutron radius:

r2 = —0.1050005 2

—0.006

Haecock et al., Science 373 (21)

Atac et al., Najure Commun. 12 (21)

our result

—+— | - - KOPECKY 97

------ KOPECKY 97

—+— |- - KOESTER 95

—_—t ) ALEKSANDR... 86
—+— -} - KROHN 73




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 “He FF (lots of low-energy data...) >

1Y §#81()

ry(*He) = 1.4784 £ 0.0030;,,,. = 0.0013,, = 0.0007,,,, fm

preliminary; relativistic corrections still under investigation

L |re(*He) = 1.6798 +0.0035 fm

using CODATA rp and own determination of r,

& Th
[ Exp. eor
L P p4He y
i Krauth et al. 21
0 B ——
o} I : I
[ extraction from T this work ]
$p e scattering (preliminary)
[ Sick '08 |
[ [ ]
#.' XEFT
i Marcucci et al. '16
] '_ | 1
[ conventional“ ® XEFT, N2L,O
[ Marcucci et al. 16 Mulietal. 21
1L

%yt

. #
=" Tgne

#
et

T

#()é

The p 4He exp. value is:
ré"p(“He) = (1.67824 £ 0.00083) fm

Krauth et al., Nature 589 (2021) 7843, 527-531



| |
Filin, Baru, EE, Korber, Krebs, Mdller, Nogga, Reinert, in preparation

1 2
With all LECs being fixed, we can predict the isoscalar 3N charge radius \/§r§(3H) + §r§(3He)

re(3Nigoseaiar) = (1.9058 = 0.0026) fm

preliminary, using CODATA-2018 r, and own determination of r,

On the experimental side:

— the 3H radius poorly known (5%) from e~ scattering exp.: ra? = (1.755 % 0.086) fm

Amroun et al. ’94 (world average)

— more (and more precise) measurements for 3He
. . 3
— e~ scattering experiments: rCHe = (1.973 £ 0.016) fm  sick 15 (world average)

— muonic 3He (preliminary): rHe = (1.9687 £ 0.0013) fm pohi 22
C

L the current exp. value for the isoscalar radius: | 1™ (3Nisscalar) = (1.903 £ 0.029) fm

The ongoing T-REX experiment in Mainz (ponietai; @2ims at measuring rscH with £0.0002 fm, which
would determine the isoscalar radius with =0.0009 fm L precision tests of nuclear chiral EFT!

MEC contribution increases from ~0.3% for 2H to ~3% for 4He!



Pion-pole contributions are directly rela-
ted to the corresponding topologies in
the nuclear forces. E.g., the leading
3NF:
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Chiral EFT and lattice QCD




Variable M : no experimental data available [ need LQCD input

EFT as a tool to extrapolate LQCD results for few-N systems:

— chiral extrapolations Beane, Savage, EE, MeiBner, Soto, Bedaque, Lee, Lahde, Long, Gegelia, ...
— in E beyond the t-channel cut at fixed M, (low-energy theorems) eg, gary, Filin, Gegelia

— in the number of nucleons at fixed MH (SO far 1-less EFT) Barnea, Bazak, van Kolck, Detmold, ...
Closer to the physical point, pions are to be included as explicit DoF [ _chiral EFT

Long-term goal:

Variable M: LQCD for 2N, 3N systems

Physical M, o
experimental data
for 2N and 3N
scatt. observables

Sl nuclear forces & currents Nuclear physics at

variable M]T

i_

derived in chiral EFT

Interface: finite-volume energy spectra



phase shift [deg]

2-body phase shifts can be extracted from finite-volume
energy spectra using Luscher’s formula.

For NN scattering near the physical pion mass, 1-channel
Llischer formula is expected to break down due to partial

wave mixing (!-exchange, especially neg. parity states)

Proposed alternative:

— use "EFT to describe the long-range interactions

and to parametrize the short-range ones

— calculate finite-volume energy in the plane-wave

basis (no reliance on the PW expansion)

— fit LECs to finite-volume energies and determine

phase shifts in the continuum
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Nuclear lattice simulations

D. Lee, U.-G. Mei8ner, J. Drut, S. Elhatisari, EE, H. Krebs, T. Lahde, B-N. Lu, T. Luu, G. Rupak + post-docs + students

N more than 40 publications including many PRL and 1 Nature N

e A discretized, Euclidean-time formulation of chiral EFT

e Access to nuclei via Auxiliary Field Quantum Monte ( n |
Carlo simulations

.20 fm

* Nuclear clusterung automatically taken into account

e Severe sign problem (unless the action is
SU(4) invariant)

L [C10..
I

Ti
UIf-G. MeiBner

——— ® The strategy: start with the nearly SU(4) |
E#écifvre Eiefff invariant LO action and include corrections =
Theory in perturbation theory a [L11..2fm

An Introduction
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Serdar Elhati D n Lee?, Gautam Rupak?, Evgeny Epelbaum?, Hermann Krebs*, Timo A. Lahde®, Thomas Luu®® &
UIfGMB
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Ab |n|t|o alpha—alpha scattering *
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Used lattice EFT to extract the effective

Hamiltonian for two interacting a-clusters

(the adiabatic projection method)

Some recent developments and highlights
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* Demonstrated that only 4 (!) parameters (S-wave scattering length and range in the SU(4)
limit, strength of the 3NF ans strength of the local NN force) are sufficient to accurately
describe main nuclear properties Bing-Nan Lu et al., PLB 797 (2019) 134863

e Introduced the pinhole algorithm to perform

ab initio simulations at finite temperature
Bing-Nan Lu et al., PRL 125 (2020) 192502

* Explored the relationship between the
approx. Wigner and spin-isospin exchange
symmetries Dean Lee et al., PRL 127 (2021) 062501
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e The NN sector of chiral EFT is in a good shape: a perfect description of

np and pp data at N4LO+. Good convergence of x-expansion for forces!
Extraction of the N couplings from np and pp data is in progress.

e Deuteron charge and quadrupole FFs: accurate results at low q; nuclear
effects well under control. Preliminary results for the charge radii of A=3
and A=4 systems look promising. Role of p,y in heavier-mass nuclei?

® Nuclear forces at unphysical quark masses: situation unclear, waiting
for lattice QCD results... Established machinery for matching in finite-V.

e Nuclear lattice simulations: a novel ab-initio approach to nuclei capable
of describing strongly clustered states.

(Near) future:
e Consistently regularized 3NF & currents beyond N2LO
e PWA of 3N scattering at N4LO

L open the way for precision nuclear theory



