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Nuclear forces
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Since the 90-es, we know that:
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While the NN forces seem under control, large deviations
show up for Nd scattering signaling the missing 3N forces
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The most general structure of a local, isospin-symmetric 3NF
Krebs, Gasparyan, EE ’13; Phillips, Schat ’13; EE, Gasparyan, Krebs, Schat '15

Generators G in momentum space

Generators G in coordinate space

Gi=1
Go=T1-T3
g3 =351-03
Gs =T1-T301- 03
Gs = T2 T301 02
ge=7'1~(7-2><7-3)6’1-(6'2x5’3)
Gr =71 (T2 X T3)02 - (§1 X §3)
Gs=q1-01G1- 03
Go = q1 - 033 - 01
Gio =1 - 5143 - 3
G11 = T2 - T3q1 - 01G1 - G2
912=T2'73€ﬁ'51§3'52
Gi3 = T2 - T3G3 - 01¢1 - O2
G1a = T2 - T3G3 - 0143 - G2
Gi5 =T1-T3G2 - 01G2 - 73
Gi6 = T2 - T3G3 - 0243 - 03
Gir=T1-T3q1 - 01G3 - 03
g18:T1'(T2XT3)51'5332'((T1 Xéﬁ)
Gio =T1‘(T2 XT3)53'§1(T1'(31 X32)

Goao=T1 - (7'2 X T3)51 - (103 - G302 - ((Tl X <T3)

Gi=1
Go=T1-T3
Gs =133
Ga=T1-T351 3
Gs = T2 T361 - G2
Go =71+ (T2 X T3) &1 - (G2 X &3)
Gr =71 (T2 X T3) &2 - (F12 X Fa3)
Gs = a3 - G1 723 - O3
Go = a3 - G312 - 01
Gio = o3 - G1 P12 - 3
Gi1 = To - T3 og - G123 - Fo
g~12=T2‘73f23'51f12'02
Gis = T2 - T3 712 - 61 23 - o
Gia = T2 T3i12 - &1712 - G2
Gis = T1 - T3f13 - G1713 - G3
Gio = T2 T3f12 - Gat12 - F3
Gir = T1 - T3 o3 - 61712 - 33
g~18:7'1'(7'2 X T3) 01 - F3 T2+ (f12 X T23)
Gio =71 - (T2 X T3) §3 - Pz a3 - (51 X )

g~20 =T1" (7'2 X 7’3) 01 - To3 03 - T12 02 - (7212 X 'f‘23)

80 operators generated by
all possible permutations of
20 structures:

20
V(rig,ras3,m31) = > Gy Fy(r12, 723, 731)
i=1

+ permutations

20
Vg1, q2.03) = > Gi Fi(q1, G2, q3)
i=1
+ permutations

Nonlocal: 320 (!) operators
Topolnicki *17
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Krebs, Gasparyan, EE ’13; Phillips, Schat ’13; EE, Gasparyan, Krebs, Schat '15

Generators G in momentum space

Generators G in coordinate space

Gi=1
Go=T1-T3
g3 =351-03
Gy =T1-T301 03
Gs = T2 T301 02
96=T1~(72><T3)6'1-(6'2x5’3)
Gr =71 (T2 X T3)02 - (§1 X §3)
Gs=q1-01G1- 03
Go = q1 - 033 - 01
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Gi3 = T2 - T3G3 - 01¢1 - O2
G1a = T2 - T3G3 - 0143 - G2
Gi5 =T1-T3G2 - 01G2 - 73
Gi6 = T2 - T3G3 - 0243 - 03
Gir=T1-T3q1 - 01G3 - 03
g18:T1'(T2XT3)51'5332'((T1 X(Ts)
Gio =T1‘(T2 XT3)53'§1(T1'(31 ><52)

Goao=T1 - (7'2 X T3)51 - (103 - G302 - ((Tl X 53)

Gi=1
Go=T1-T3
Gs =133
Ga=T1-T351 3
Gs = T2 T361 - G2
Go =71+ (T2 X T3) &1 - (G2 X &3)
Gr =71 (T2 X T3) &2 - (F12 X Fa3)
Gs = a3 - G1 723 - O3
Go = a3 - G312 - 01
Gio = o3 - G1 P12 - 3
Gi1 = To - T3 og - G123 - Fo
Gio = T2 - T3 23 - 61 12 - G2
Gis = T2 - T3 712 - 61 23 - o
Gia = T2 T3i12 - &1712 - G2
Gis = T1 - T3f13 - G1713 - G3
Gio = T2 T3f12 - Gat12 - F3
Gir = T1 - T3fa3 - G112 - G
g~18:7'1'(7'2 X T3) 01 - F3 T2+ (f12 X T23)

g~19 =T1" (T2 X T3)(73 - T23 T23 - (51 X 52)

g~20 =T1" (7'2 X 7’3) 01 - To3 03 - T12 02 - (flz X 'f‘23)

Phenomenological models: - -

Fujita-Miyazawa, Tucson-Melbourne,
Brasil, Urbana IX, lllinois, ...

80 operators generated by
all possible permutations of
20 structures:

20
V(rig,ras3,m31) = > Gy Fy(r12, 723, 731)
i=1

+ permutations

20
Vg1, q2.03) = > Gi Fi(q1, G2, q3)
i=1
+ permutations

Nonlocal: 320 (!) operators
Topolnicki *17



(exp-theory)/theory (NN+3NF)
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from: Kalantar-Nayestanaki, EE, Messchendorp, Nogga, Rept. Prog. Phys. 75 (2012) 016301




(exp-theory)/theory (NN+3NF)
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The spin structure of the 3N force
is NOT understood!
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GB dynamics

Weinberg, Gasser, Leutwyler, ...

v
N

uclear forces
Weinberg, van Kolck, Kaiser, EGM, ..

<€—— Chiral Perturbation Theory =—>

Q= momenta of particles or M.
- breakdown scale Ap
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Effective Lagrangian:
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F
ZT‘r(V“UVHUT+X+) + ...,
N@v-D+gau-S)N + ...,

| _ _
—§CS(NN)2 +2Cr(NSN)® + ...

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

(Navnamics )

N dynamics

Bernard-Kaiser-MeiBner et al.
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Nuclear currents
Park et al, Bochum-Bonn, JLab-Pisa
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F
ZT‘r(V“UVHUT+X+) + ...,
N@v-D+gau-S)N + ...,

| _ _
—§CS(NN)2 +2Cr(NSN)® + ...

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

I Goal: chiral EFT as a precision tool ! I

(Navnamics )

N dynamics

Bernard-Kaiser-MeiBner et al.
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Nuclear currents
Park et al, Bochum-Bonn, JLab-Pisa

i |

e’



oNF | 44 e | b X - ENERCE ENE
VRN FUERATI R
o I N RS TS et
) PX |5 X
ANF _ _ _ H*l . _

e nN LECs taken from the Roy-Steiner analysis = long-range topologies are pure predictions

® Loop diagrams calculated using dimensional regularization

@ Finite-cutoff EFT [Lepage '971: NN scattering amplitude is rigorously proven to be renormalizable
in the EFT sense Gasparyan, EE, PRC 105 (2022) 024001. Alternative (A-independent): talk by Xiu-Lei Ren...
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e nN LECs taken from the Roy-Steiner analysis = long-range topologies are pure predictions
® Loop diagrams calculated using dimensional regularization

@ Finite-cutoff EFT [Lepage '971: NN scattering amplitude is rigorously proven to be renormalizable
in the EFT sense Gasparyan, EE, PRC 105 (2022) 024001. Alternative (A-independent): talk by Xiu-Lei Ren...



® First PWA of NN data up to st-production threshold in XEFT Reinert, Krebs, EE, PRL 126 (2021) 092501

@ Statistically satisfactory description of our database of mutually consistent scattering data
(2124 pp and 2935 np data below Ejab = 290 MeV):

high-precision ,realistic potentials Idaho xXEFT Bochum SMS xEFT
Nijm I ~ Nijm IT  Reid93  CD Bonn | |[N*LOJ, N'LOJ, | | N'LO), N'LO.,
1.061 1.070 1.078 1.042 2.019 1.203 1.013 1.015

® Results for the np total cross section and the error budget:

Otot/ Otot, SMS
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Neutron-proton total cross section at 150 MeV (4 - 50 mev;
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Bayesian model Cos-10

[EE et al., 1907.03608, Melendez et al. PRC96]
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Neutron-proton total cross section at 150 MeV (4 - 50 mev;

51°4LO — 3°0NLO —|— 1°7N2LO -|— O°5N3LO —|— 0°4N4LO —|— 0°1N4LO+

Otot

51.10(12)(12)(19)(6) mb to be compared with o2’ = 51.02 & 0.30 mb

Lisowski et al. 82
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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{ o

— 3H binding energy yields c; = f(cp)

— cp is determined from Nd scattering parameter-free

LENPIC: Low Energy Nuclear Physics International Collaboration
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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 c; = 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 c c
3 3 3
@) @) @)
© 3NF = ©
En ~ 10 MeV En ~ 50-150 MeV En > 200 Me
ecms ecms ecms

= use precise Nd cross section data at 70 MeV from RIKEN [Kimiko Sekiguchi et al. '02] t0 fiX Cp

LENPIC: Low Energy Nuclear Physics International Collaboration
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X l = A =400 MeV ]
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[ 70 MeV T A A\ =500 MeV

¢ N =550MeV
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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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I ' = A=400 MeV .
160'_ e A =450 MeV .
- 70 MeV T . 4 A =500 MeV :
: LT * A=550Mev
| | '
Q0 4 adding the 3NF@N2LO
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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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Experimental data are proton-deuteron data from Sekiguchi et al.,
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Ground state energy (MeV)

100

TECHNISCHE 2
@ UNIVERSITAT ""'
BB niversititbonn DARMSTADT

o sl A)J0LICH K

o Kyul.ch

\‘IPN QTriuME 2

(0, 0) (0%, 1) (0, 2)
<8 3 (1+,0) <= NLO, 68% DoB
- ]
*°8 @2, 1) B N2LO, 95% DoB
i B g J N2LO, 68% DoB
0+ 1) (3+,0)
- o
(JP, T) i
- x NLO B B (11
o N2LO without 3N forces Xz
. (0, 0)
¢ NZ2LO including 3N forces I
g Experimental values =0
4He  SHe 6Li 7Li 8He 8Li 10Be 10B 128 12C
LENPIC: Low Energy Nuclear Physics Internatlonal Collaboration
: OAK RIDGE

National Laboratory




20

-30
S
q) '40
=
>
> -50
) -
(6]
[
O g0
Q
o
n
& 70
C
3
= -80
Q)
-90
100

©0) (0% 1) 0 (0%, 2)
o e %0 fol
* i a ! e X .

*B (32, 12)

e
*= =&
2

(JP, T)
x NLO
o N2LO without 3N forces
¢ NZ2LO including 3N forces

Experimental values

NLO, 68% DoB
N2LO, 95% DoB
B N2LO, 68% DoB

0+, 1) (3+,0)

oo} x®
|
I (1, 1)

Xg

I (0+’ 0)

Xm

X

‘He  6He 6Li Li 8He 8Li

— Excellent agreement with the data

10|_5,e 1oi3 12|B 12C

LENPIC: Low Energy Nuclear Physics International Collaboration

W &5 techniscHE W ] o RTEE :
N @ s e e ApJ0uch K B LiPN BXEITE % OAK RIDGE
RURY niversititbonnl Y5 DARMSTADT i AR Kyutech RC@lES s i e ational Laboratory




20

<
q) '40
=
>
> -50
) -
(6]
[
O g0
Q
o
n
& 70
C
3
= -80
Q)
-90
100

-30

(©+,0)

— Excellent agreement with the data

— Overbinding starting from A ~ 10 that increases with A. Deficiency in the 2NF or SNF?
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Maris et al. [LENPIC], e-Print: 2206.13303

Repeat the calculations by including higher-order corrections to the 2N force:

—75 T T T T T T T T T T T T
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- Even oxygen isotops ] 0 =
—225F (In-Medium NCSM) ]
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CALCIUM

Hamiltonian fixed completely from A = 2, 3 nuclei
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A similar underprediction of the
radii was observed using the EM
2NF@N3LO with SNF@N2LO

[Cipolloni, Barbieri, Navratil, PRC 92 (15)]
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A

Recent/ongoing N4LO studies of the A = 2,3,4 isoscalar radii including MECs:

A =2 (2H) Filin etal., PRL 124 (2020) 082501; PRC 103 (2021) 024313

rge = 1.972910000 fm, Q4 = 0.2854700025 fm?

A =3 (3H, 3He) r = 1.9065(26) fm, to be compared with r**? = 1.903(29) fm

(preliminary) Pohl (prelim) + Amroun '94

A =4 (*He) r = 1.6766(34) fm, to be compared with ¥* = 1.67824(83) fm
(preliminary) Krauth ’21
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Recent/ongoing N4LO studies of the A = 2,3,4 isoscalar radii including MECs:

A =2 (2H) Filin etal., PRL 124 (2020) 082501; PRC 103 (2021) 024313
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(preliminary) Pohl (prelim) + Amroun '94
A =4 (*He) r = 1.6766(34) fm, to be compared with ¥* = 1.67824(83) fm Oryipe = 3 %

(preliminary) Krauth 21 v



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



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
— — === —
—_— —_—
Vi Go Van Vi

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



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
— — === —
—_— —_—
Vi 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 —_— —

q3° 03

8A — = =
vz G VZ =—A—22 |7, -1 c01) — (0, T, —7T 7T o) ——= + ...
N, A ©0 VN, A 96\ Fe ‘1 3(q3 11 ¥3(2 3= 71 13)(q 2 33 2+ M2

g
absorbable into cp: X -I violates chiral symmetry...
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= 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]



ummary and'conclusions

® The main obstacle toward precision nuclear theory is the uncertainty in the 3N force
e The leading 3NF improves the description of the data, but the N2LO accuracy is still limited...

e Based on our experience in the 2N system, a precise description of Nd scattering data
below 7mt-production threshold will likely require going to N4LO

e Two major challenges towards N4LO PWA of Nd scattering data:
— derivation of the consistently regularized 3NF beyond N2LO [Krebs, EE, in progress]
— development of efficient emulators for 3N scattering to fix LECs [witala et al., 2203.08499]

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

Generalization to hyper-nuclear interactions requires addressing additional challenges:
— reacher structure of SU(3) vs SU(2) = many more LECs...

— slower convergence of XEFT in the SU(3) sector (Mk vs My)

— poor (but improving!) data situation... Help from lattice QCD heavily needed!



