Chiral EFT for nuclear interactions

using Gradient Flow

based on work done with Hermann Krebs, PRC 110 (2024) 044003; 044004

...opens an avenue for accurate yEFT calculations beyond the 2N system

e Introduction & state-of-the-art

* The need for a symmetry-preserving regulator
e Chiral EFT using gradient flow

e Summary & outlook
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The Standard Model (QCD, ...)

\Approximate chiral SU(2);, x SU(2), symmetry; introduce U(x) — RU (m)L"
effective chiral Lagrangian & «(r, N)
Chiral perturbation theory (usually using DimReg)
3 Q € {M,/Ay, |PI/A}
o
(O] .
S — S-matrix (zz, 7N, 7zN, ...)
©
— — nuclear forces and currents
W-body methods (Cutoff)
) Hadron/nuclear structure and dynamics
———> EFT —
E finite-volume methods
FV

> nuclei neutron stars
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Chiral dynamics: Long-range interactions are predicted in terms of on-shell amplitudes + +— "
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Chiral dynamics: Long-range interactions are predicted in terms of on-shell amplitudes + +— "

Short-range few-N interactions are tuned to experimental data
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Two-nucleon force xEFT as a precision tool in the 2N sector

— N4LO+: currently most accurate and precise
>< {;{ NN interactions on the market

— clear evidence of the TPEP from NN data

— almost no residual cutoff dependence

X |1:::3| }1 [}{1 [ ] — Bayesian truncation-error estimation

4.5 0.3 T

I5roton-p;roton,
E,,, = 143 MeV]

02|

0.1 |

‘i
3.5
N2LO s
-0.2 |
o[ do/dQ [mbrsr] ] P
0 4IS 9I0 11;5 180-0.3 0 4:5 9;) 1(;5 180
Oom [deg] fcm [deg]

— Precision calculations for 2 nucleons:

g.nN = 13.24 £ 0.04 Reinert, Krebs, EE *20

2
H_ +0.0015 . :
Far = 1.97297 70015 fM Filin etal., "21

Semi-local regularization in momentum space Reiner, Krebs, EE, EPJA 54 (2018) 86; PRL 126 (2021) 092501

2 o 2

(¢

-2 2 -
- My plp) — —Ltn

a
V =———— ¢ A? 4 subtraction, V. = —J dup— e 202 4 subtractions

+ nonlocal (Gaussian) cutoff for contacts



ETATIroNntie AQuUcCiear & atomi

Endo, EE, Naidon, Nishida, Sekiguchi, Takahashi, e-Print: 2405.09807 [nucl-th]

¢ Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

e 3NF mechanisms:
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intermediate A-excitation multi-pion interactions off-shell behavior of the Vnn short-range

Fujita, Miyazawa ’57 Ving = @30 = VaGoV, GV,
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Endo, EE, Naidon, Nishida, Sekiguchi, Takahashi, e-Print: 2405.09807 [nucl-th]

¢ Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

e 3NF mechanisms:
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intermediate A-excitation multi-pion interactions off-shell behavior of the Vnn short-range
Fujita, Miyazawa ’57 Ving = @30 = VaGoV, GV,

¢ Difficult to model: None of the existing 3NFs allow to describe of 3N data...

— scarcer database compared to the NN sector

— high computational cost of solving the Faddeev equation

— complicated structure:

spin-momentum-isospin

functions of 5 momenta
320 /

antisymm.
Vn°n100a1=20i><fi=20>< +perm—y>20>< +perm

Topolnicki ’17 Krebs, EE, in preparation

= Guidance from theory indispensable — an opportunity for yEFT!
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= Guidance from theory indispensable — an opportunity for yEFT!
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= Guidance from theory indispensable — an opportunity for yEFT!
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Krebs, Gasparyan, EE 12
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13 LECs

Girlanda, Kievski, Viviani’

= Guidance from theory indispensable — an opportunity for yEFT!
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N2LO (Q3)

N3LO (Q?)

Bernard, EE, Krebs, MeiBner 08

N4LO (Q5)

Krebs, Gasparyan, EE 12
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calculated using DimReg

g4 (M2 +24¢3)
460872 F6

{ [6c1 — 2¢3 — 3cs — 2(6¢1 — c5 — 3cs)L(gz)] 1202

/a3 + 4M? Jog V. q2 +4M?2 + q;

25 % oM,
q% [502 aF 1803 — 6L(C]2)(C2 == 603)] } + gQAFZl (2M3 + qg)2
GACT oy po | 2 gac__f ors o7 12M2[2 + 9¢% — 2L
o 4 ( 7r+(12> - m{%[ - (Q2)] + ﬂ[ + 994 — (612)}}

calculated using DimReg



— all LECs ¢; and e; are known from the Roy-Steiner-equation analysis of the zN system

— the results are only meaningful (converged) at small momenta = cutoff needed

Problem: Mixing DimReg with Cutoff violates chiral symmetry



ssence'of'the"problem

Faddeev equation:
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derived using DimReg Bernard et al. ’08
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derived using DimReg Bernard et al. ’08

4 - -
- 1 73(q30) — (5 15— 17 13)(q, - 53) ]—6313 : ;—;2
96\/27: Fo o3 a3+ Mz
absorbable into co: X--| violates chiral symmetry

The problematic divergence would cancel if VS}? were calculated using Cutoff ek, krebs, Reinert 19



Faddeev equation:
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derived using DimReg Bernard et al. ’08

4 - -
- 7:753(q3:6) — —(5- 13— 7 13)(q " 53) ]—6313 . ;;2
96\/2% F6 3 a3+ M;
absorbable into co: X--| violates chiral symmetry

The problematic divergence would cancel if VS}? were calculated using Cutoff ek, krebs, Reinert 19

= loop contributions to the 3NF, 4NF and

MECs must be re-derived using
, Gradient flow for chiral interactions
symmetry preserving cutoff

* Gradient flow as regulator

(2 N F Ok at ﬂxed Mﬂ.) * Nucleons on the brane: regulating interactions in an extra dimension

D.B. K.aPLaw ~ HHHRCD2015 ~ 13/3/15
L eE— st




Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory

_ 65[¢)]
0B(2) | 3(2) > p(e.r)

- 0
$ (5,0 7) Flow equation: z—¢(z,7) =

| flowtime®z subject to the boundary condition ¢(z,0) = ¢(x)

20
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Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory

\4

9 55¢]
Flow equation: —oé(z,7) = ——
¢ (x,7) 9 or ( (5¢<T) 3(z)—¢(,7)
fow.time"e subject to the boundary condition ¢(z,0) = ¢(z)
. . Ot _ 2244am2,2
Free scalar field: G(z,7) = “‘_7’_( st

/—/%

[& — (070, — ]\12)}&)(:1:, T)=0 = o¢x,1)= /d4y Glx—y,7)o(y)

o
¢(x) 20
. 40 15
7=0 =1 0

heat kernel
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Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory

\4

i J 059
Flow equation: —¢(z,7) = ——
(/)(Xu"f) q 87‘¢( ) ) (5(?(1;) 0(1“)%175(7"7)
flow time* 7 subject to the boundary condition ¢(z,0) = ¢(z)
Free scalar field: Glory — O0)_ —stscs

167272
—_A

[0, — (8.0, — M)]é(z, ) =0 = o(z,7) = / d'yGx—y,7)(y) = &(g,7)=e T TMIg(g)

N
¢(x) 20
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Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory _ flow time

A\ 4

05(¢]

Flow equation: g¢(x, T) =

¢ (x,.7) or _&/5(55) b(z)—d(x,7)
flow time* 7 subject to the boundary condition ¢(z,0) = ¢(x)
X0
Free scalar field: G, 7) = 1o0T) e
S ~ 2 2y ~
(0- = (830, — M?)|¢(x,7) =0 = @(z,7)= / dyGlz—y,1)ely) =  (g,7) =TT g(q)
o

heat kernel

YM gradien’[ flOW Narayanan, Neuberger 06, Lischer, Weisz 11 (9TAM($, T) = D,,G,,M(QZ, 7') <« eXtenSively used in LQCD



Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

Gradient flow as a regulator in field theory ~flow time

A\ 4

05(¢]

, 0
Flow equation: ——¢(z,7) =

¢ (x,.7) or _5¢(5C) b(z)—d(x,7)
flow time* 7 subject to the boundary condition ¢(z,0) = ¢(x)
X0
0(r 224422

Free scalar field: G(@,7) = mﬂziz e ¢
S ~ 2 2\ ~

(0- = (830, — M?)|¢(x,7) =0 = @(z,7)= / dyGlz—y,1)ely) =  (g,7) =TT g(q)
o

heat kernel

YM gradien’[ flOW Narayanan, Neuberger 06, Lischer, Weisz 11 87Au($a T) = D,,G,,M(QZ, 7') <« eXtenSively used in LQCD

Chiral gradient flOwW Hermann krebs, EE, PRC 110 (2024) 044004 . ‘

[D“., w“} + %X,(T) — iTI'X—(T)

. /_%

Generalize U(z), U(z) = RU(z)Lt tO W(z,7): O,W = —i_@gEOM(T) w, W(z,0)="U(z)
VW

We have proven V. W(z,7) € SU?2), W(x,7) — RW(z,7)L}



Solving the chiral gradient flow equation 0. = —iw EOM(7) w

t | trizationof : U = 14 T ! 2
— MOSt general parametrization o U. = —+ F’T-Tf — ﬁ — (Xﬁ’T-ﬂ'ﬂ' + ...

41
— similarly, write W = 14+ it-¢ — ¢> —iaT-¢o> + ... and make an ansatz ¢ = Z q;n

n=0

= recursive (perturbative) solution of the GF equation in 1/F
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Solving the chiral gradient flow equation 0. = —iw EOM(7) w

most general parametrization of U: U 1 + ! —ﬂz o ! 2 4
— : — —T - 7T — — —T ‘' TTTT 000
9 P Ia 2F?2 F3

©_ 4(n)
— similarly, write W = 1 +it-¢ — ¢*> —iaT-¢po> + ... and make an ansatz ¢ = Z q?m

n=0

= recursive (perturbative) solution of the GF equation in 1/F

Leading order ¢! (no external sources):

(0, — (0207 — M*)| ¢ (z,7) =0
} = qﬁ(l)(x, T)
o' (x,0) = 7 (x)

._\¢:1)(xy’ T)
¢(x,7) = 7 -

X0



Solving the chiral gradient flow equation 0. = —iw EOM(7) w

w i

— most general parametrizatonof U: U = 1+ =77 — — — 0—7 77> + ...

F 2F? F3

= recursive (perturbative) solution of the GF equation in 1/F

Leading order ¢! (no external sources):

(0, — (0207 — M*)| ¢ (z,7) =0

& O, = [ dyCla—gr)ml)
¢V (z,0) = ﬁ(x)} /

AX AX AY
Yy ¥ ¢ V(x,.7) ‘al 1 (. 7)
px,7) = L + —" +
0 T (R s T

X X Yo [integrated over y, o, S]

n=0

© i (n)
— similarly, write W = 1 +it-¢ — ¢*> —iaT-¢po> + ... and make an ansatz ¢ = Z ¢

Fn



Regularization is achieved by requiring N to ,live® at afixed 71 &y — Z\(7) = &y
U—W(z)

Notice: chiral symmetry manifest since W(z) — RW(z)L' for all 7.
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Regularization is achieved by requiring N to ,live® at afixed 71 &y — Z\(7) = &y
U—W(z)

Notice: chiral symmetry manifest since W(z) — RW(z)L' for all 7.

Local field theory in 5d

A L@
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A\ 4

NUBE
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Regularization is achieved by requiring N to ,live® at afixed 71 &y — Z\(7) = &y
U—W(z)

Notice: chiral symmetry manifest since W(z) — RW(z)L' for all 7.

Local field theory in 5d Smeared (non-local) theory in 4d

A A 7w
F L A ¢N(1) Ly

A A
o 1] -9
D e—— |
0 X 1; A \
X

A A

t

A \
A -
T N
o ] o
. 7
L + — )\ [
X



unregularized

[~ ~
Se
~

——

The sum of two diagrams must be Q-independent

Unregularized expression for this 4NF EE, EPJA 34 (2007):

Olosrvi) = T1" TaT3 * Ta Ga - o G5+ G5 51 -
g* OJT/~ L
vy - e 01 q12
64FS (g3 + M?) (g + M?)(q?2 + M?)
1 &1+ G O 7 it
-+ g L1 Yo7 (M2 + q%) + 23 perm.

128 F6 (g2 + M?)(q2 + M?) (G2 + M?)(q} + M?)
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The sum of two diagrams must be Q-independent

A\ 4

A\ 4

A\ 4



—~—

The sum of two diagrams must be Q-independent
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unregularized

——

The sum of two diagrams must be Q-independent

Regularized expression (ready to use in the A-body Schrodinger equation):

A

4
g O[am,q@] > o 123 134 234 P RY
VAN o1 - 20, — 4 + 2 — 0 -
. 64FC (g5 + M?) (G5 + M?)(q} + M?) 1 Q1( gn —4fa fa ) 172/
g — S
1 Ch( 4y T4 T 43 T4y C]34) OM2 + G2 +q32+q42 —q22
- f124

_461§1(3M2+cf12+§22—|—6732+q4 Q34)2M2+ +q +q2_q»2
2 4 3

g* 01 1 O{Uz,n,q:]

2 123
128F6 (72 + M?) (@2 + M?)(q2 + M2) (G2 + M?) (M )<4f — 3gA> + 23 perm.,

G2+M2 qRME g2in? T Cqg+mM? qiem? qiem? qRem?

ff\]k — ¢ AT e AT e AT e 22 e 2A2 e 2A2 e 2A2

+

(reduces to the unregularized result in the A — oo limit)



Nuclear interactions from path integral

Hermann Krebs, EE, PRC 110 (2024) 044003

The considered 4NFs were calculated using Feynman diagrams. But more generally,

Potential # Feynman diagram




Nuclear interactions from path integral

Hermann Krebs, EE, PRC 110 (2024) 044003

The considered 4NFs were calculated using Feynman diagrams. But more generally,

Potential # Feynman diagram

Von, Van, ...
i TOPT Weinberg, van Kolck, Pastore, Schiavilla, ...

canonical quan. ) J'u , J'u L

£7TN HT‘-N Method of UT EE, Glockle, MeiBner, Krebs, Bernard, ... N N

Al AE
2N 3Ny -t

. . . . . . (92 2
= impractical for regularized Lagrangians, which involve e ™% +M) r(z)

= new method to derive nuclear interactions using the path integral approach «rebs, e, PRC 110 (24) 044003



Pion-less EFT: (5 &) & I
1, ¢ = > o
. T y o S T 2 - .
L=N [Za() + ZmN] N 5 (N N) + ... (&%) (55%) (5% (%*e.,E) &,5)

j Atree: [CO+C2<ﬁ2+ﬁ,2)+"]



Pion-less EFT: (59 (5% & . & %)
| o2 Cs ) vk = >X< + ><:>< +
L = ]VJr [Za() + QmN] N — 7(NTN) + ... (&5%) (557) (55) (§+e.,7) &)

= Ayee = [Co+ Co(p* +77%) +.. ]

Scattering amplitude to 1 loop:

: d'l 2, T2
—1 A1 loop = /(2#)4 [CO+C2(p +17) + .. ] (%+lo—%+i€>(§—lo—%+i€) [Co—f—...]
— —z'/ i (Co+ Oy +1%) + .. ] ! (Co+ (2 +77).. ]
(2m)3 E—nll—i]—kz'e

All [y-integrals factorize = Lippmann-Schwingereq. A=V +V Gy A with V = —Liy



Pion-less EFT: (59 & &) L &
#1. C = >+ o
_ NT; S ATt A2 e
L=N [Z&O + ZmN] N — 7<N N) + ... D) (55%) (&%) (%+e.,e> &)

= Atree: [CO+02<ﬁ2+ﬁ,2)+]

Scattering amplitude to 1 loop:

: d'l 2 72
—Z.Al—loop - /(2%)4 [CO+02(p + 1 )+] (%—I—lo—%—l—iE)(%—lo—zﬁN—FiE) [OO+-~~]
— —z'/ i (Co+ Oy +1%) + .. ] ! (Co+ (2 +77).. ]
(2m)3 E—ni—iv+ie

All [y-integrals factorize = Lippmann-Schwingereq. A=V +V Gy A with V = —Liy

But /y-integrals do not factorize for pions
due to /,-dependence of z-propagators...



Pion-less EFT:

&P G-%) & . @B
| 2 Cs vk = >< + >-<>< +
L = ]\/vJr [280 + QmN] N — 7(NTN)2 4+ ... D) (55%) (&%) (%+e.,'é> &)
= Auee = [Co+ Co(p” +5%) + .. ]
Scattering amplitude to 1 loop:

A / i (Co+Cy(P* + 1) + .. ] ! [Co+ .. ]
—1Al1-loop — 0 2P = 0T «--
’ (2m)* (41 — 5o +i€) (£ —lp — 5o + i)

- —z'/ d3l3 (Co+ Oy +1%) + .. ] }2 (Co+ (2 +77).. ]
(2m) E— -1 +ic

All [y-integrals factorize = Lippmann-Schwingereq. A=V +V Gy A with V = —Liy

But /,-integrals do not factorize for pions
due to /,-dependence of z-propagators...

ldea: Z[n',n] = A[@N@N%exp(isgf + in4x[nTN+NTn])

instantaneous
Hermann Krebs, EE, 2311.10893

nonlocal redefinitions of N, N '

> A[@Ndr SZNexp(iSe’}f’N + in4x[nTN+NTn]>



oy-model‘example

_524 M2

Regularized toy model: L%, = N? [60 - I5.Vn. ’T] N + %w (=P 4+ M) e AT w



oy-model‘example

: Vv? - 1 _o2iar?
Regularized toy model:  £E, = Nf [80 - zin V- ’T] N+ om- (—*+ M) e a0 m

Nonlocal action Sy, after integrating out pion fields (Gaussian):

Zln',n) = / DNIDNDm e Sivt/die [ N+Nt] - 4 / DN{DN ¢~ SN+[ d'z[n' N+NT]

B non-static reqularized pion propagator
v2 - — — - N -
where Sy = NI [80 — ﬁ] N, + = [N'GTN] [Vs @V, AL(z1 —20)] - [NTGTN]

8F2 Tl T2

- -
~—

integration over d*x not shown integration over d*x, d*x, not shown



oy-model‘example

' : E T v? g . & 1 9 o\  =0ifm?
Regularized toy model: £y = N 80_%_2_1«" V7| N Ao (=0 +M*)e” 2" w
Nonlocal action Sy, after integrating out pion fields (Gaussian):

AR / DNTDN D7 ¢~ Sevt/d'e [n' N4NTn] - 4 / DNTDN ¢~ Sh+/[d'z[n'N+NT]
B non-static reqularized pion propagator
v2 2 . o A -
where Sy = NI [ao — ﬁ] N, + % [NTETNL:1 : [Vm ® Vg, AR (2 — xg)] - [NTETN} .
integration ov;:d4x not shown integration over d*x, d*x, not shown
Rewrite the pion propagator to the static one plus rest:
d4 _qngq”QerM2
q 1qQ-T € A .
AR(z) = 1€ s = AR(z) + AR(z) - Al(z) =1 AR(z) + GFAR (2)
(2m) @G +q+M
0 f_% -~ —A— Y

5(0)A%(2) | (‘2’”‘;4 © (A - AL@)



oy-model‘example

: Vv? - 1 _o2iar?
Regularized toy model:  £E, = Nf [80 - 2%* V- ’T] N+ om- (—*+ M) e a0 m

Nonlocal action Sy, after integrating out pion fields (Gaussian):

Zln',n) = / DNIDNDm e Sivt/die [ N+Nt] - 4 / DN{DN ¢~ SN+[ d'z[n' N+NT]

non-static reqularized pion propagator

where Sy = N/ [30 - ﬁ] N, + % [NT& ’TNL:l [V, ® Vi, AR (21 — 22)] - [NTGTN] .
integration over d*x not shown integration over d*x, d*x, not shown

Rewrite the pion propagator to the static one plus rest:

d4 _q3+q”2+M2
E _ 4 iga € * _AS B S . AS 2 AES
M@ = [ G mrEE — M@ - = Al B
5(xo) A5 (%) [ dlq €T g Zs -
| Gy g [BR@ ~ A@)

2

Nucleon field redefinition: N, = N, — %r&m- (Ve ® Vo 0oA(w — 20)] - [N'G7N]_, NI = ..

S —

4
integration over d” x, not shown

= SE = N/ {ao— —m] N, + L [N1G7N] - [Va, ® Vo, AS (21 — 20)] - [NTGTN] + SU™ + Sy

x2



oy-model‘example

To summarize:
Zln'n = / DN'DN D e~ Sivtl die NNt 0 4 / DNTDN e~ Sxt/ d'e [n N+ ')

where the many-body action is now instantaneous (up to higher-order corrections):

E Vil 65 Y g9’ o

— —

Ve, ® Vo, AR (21 — )] - [NTGTN] |+ S + Saw

2

= read out Vnn directly from the action: Vix (1) = %71 19 (81 - V) (Fy - V) AS (712)



oy-model‘example

To summarize:
Zln'n = / DN'DN D e~ Sivtl die NNt 0 4 / DNTDN e~ Sxt/ d'e [n N+ ')

where the many-body action is now instantaneous (up to higher-order corrections):

~ _’2 ~ 2 ~ ~ — — ~ ~
Sk = ;[ao— Z—m] N, + % (NTGTN] - [Va, ® Vo, AR (21 — 25)] - [NTGTN]  + Sal™ 4 San
2
= read out Vnn directly from the action: Vix(712) = %71 19 (51 - V) (G- V) AR (Z12)
On the other hand, to order g2: [ } i | {
= something is missing... '
. g ) \ ,

original action instantaneous action



oy-model‘example

To summarize:
Zln'n) = / DNTDN D e~ Sentldie i NeNtn] - 4 / DNTDN e~ Sx+/ d'a [n'N+Nn]

where the many-body action is now instantaneous (up to higher-order corrections):

- 62 - 2 B . S .
St = ;[60— %] N, + % (NTGTN] - [Va, ® Vo, AR (21 — 25)] - [NTGTN]  + Sal™ 4 San
2
= read out Vnn directly from the action: Vix(712) = %71 19 (51 - V) (G- V) AR (Z12)
On the other hand, to order g=: [ } i | {
= something is missing...
original action instantaneous action

/ DN'DN et+) = / DN'DN det [Tyt (N, ND] el = / DN'DN () +J d*oNeSae+ .

h 32 [ dp e H 3, . 9PME 3¢MP 1

with o, = — 7 _— A — O(A

. SF2 / O ENE 64322 | Gl E? 3oz O
%—/

the leading non-analytic contribution to mn



ummaryand'outlioo

New formulation of nuclear chiral EFT:

— gradient flow regularized formulation of chiral EFT «rebs, e€, PRC 110 (2024) 044004
— path integral method to perform QM reduction of QFT krebs, EE, PRC 110 (2024) 044003

= regularized 3N, 4N forces and currents, which are consistent with the
SMS NN potentials and respect chiral & gauge symmetries

Already done:
— NN at N2LLO, long-range 3NF (still needs to be implemented...) and 4NF at N3LO

Work in progress:

— 7N scattering inside the Mandelstam triangle (LECs), 3N scattering at N3LO

The new method can also be useful for improving convergence of SU(3) BChPT
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How far in the EFT expansion does one need to go to precisely describe low-energy NN data?



How far in the EFT expansion does one need to go to precisely describe low-energy NN data?

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

Results for A = 450 MeV
LO(QY) NLO(Q?) N2LO(Q¥) N3LO(Q% NILO(Q5 NiLOT
x?/datum (np, 0 — 300 MeV) 75 14 4.1 2.01 1.16 1.06
x?/datum (pp, 0 — 300 MeV) 1380 91 41 3.43 1.67 1.00
2 LECs +7+1IBLECs + 12 LECs + 1 LEC (np) +4 LECs
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How far in the EFT expansion does one need to go to precisely describe low-energy NN data?

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

Results for A = 450 MeV
LO(QY) NLO(Q?) [N2LO(Q¥)] N3LO(Q% NILO(Q5 NiLOT
x?/datum (np, 0 — 300 MeV) 75 14 nonew | 4.1 2.01 nonew 1.16 1.06
x2/datum (pp, 0 — 300 MeV) 1380 o1 LSS5 1 41 3.43 LECSy 167 1.00
2 LECs +7+1IBLECs + 12 LECs + 1 LEC (np) +4 LECs
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. neutron-proton data Eian = 0—200 MeV
1.3 F *.. Entem, Machleidt, Nosyk "17 2
c ) (3 more LECs...)
= 5 N 5
c 12¢F .. e :
Q E ‘.. .-..'
Al L .
< C
1.1F Reinert, Krebs, EE ’18 E
@®........... @:--cocecene @-cceeoevene ®
'l L o 0 3 a0 | S Y Y N N W Y | T Y S N W N Y | Y Y W N W W Y | T Y Y U N N Y | N
14 - proton-proton data n :
- : :
-] X §
E 1!2 - ... -
° : . .m
Al o .o
> : .. .
1 - eeoe® ]
: ®.......... P @ ®




..,\)_c) AX AY
A | ¢ V(x, 7) | ()
$p(x,7) = n + —_T +
—
0 T (R s T
X0 X0 Yo [integrated over y, vy, S]
. 0(t o2 4aM272
C*(J,\T) = 1(57<TZT°C I

0, — (0%0% — M*? (1):):, =0 — . 2 g2
e } = ¢WV(z,7) = / dyGla—y,nmly) = ¢ (¢1) = M7
=TT
SMS regulator for 7 = 1/(2A3%)

= </5z()3)(m,7) :/ ds/d4?/ G(z —y, 7 — 5) RHSy(y, 5)
0

In momentum space, this solution takes the form:
1) Al o M? ) o
& (¢ = [ ]] 2n) (2m)°0%(g — @1 — a2 — 4s) fallas}) |devqn - a3 — (1 = 20)q1 - go + ——(1 — da) | 7(ar) - 7 (g2) T (gs)
= T -
e~ T(@+M?) _ o—T 5 (6 +M7)

@+ +a5— @ +2M2




ssence'of'the"problem

Faddeev equation:

[
+
@
S
+
o
+

'Y X ) Q=== P====@ o’ 000

derived using DimReg Bernard et al. ’08



Faddeev equation:

3N 1IN 3N
|29 GOV |29
¢ -=-=-9 o’
- l
= + + | +
o000 ¢-==-@=-===9 R (XX
L4
A\ J
Y

derived using DimReg Bernard et al. ’08

4 - -
- 1 73(q30) — (5 15— 17 13)(q, - 53) ]—6313 : ;—;2
96\/27: Fo o3 a3+ Mz
absorbable into co: X--| violates chiral symmetry

The problematic divergence would cancel if VS}? were calculated using Cutoff ek, krebs, Reinert 19



Faddeev equation:

3N 1IN 3N
|29 GOV |29
¢ -=-=-9 o’
_ 1
= + + | +
o000 ¢-==-@=-===9 R (XX
L4
A\ J
Y

derived using DimReg Bernard et al. ’08

4 - -
- 7:753(q3:6) — —(5- 13— 7 13)(q " 53) ]—6313 . ;;2
96\/2% F6 3 a3+ M;
absorbable into co: X--| violates chiral symmetry

The problematic divergence would cancel if VS}? were calculated using Cutoff ek, krebs, Reinert 19

= loop contributions to the 3NF, 4NF and

MECs must be re-derived using
, Gradient flow for chiral interactions
symmetry preserving cutoff

* Gradient flow as regulator

(2 N F Ok at ﬂxed Mﬂ.) * Nucleons on the brane: regulating interactions in an extra dimension

D.B. K.aPLaw ~ HHHRCD2015 ~ 13/3/15
L eE— st




