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3N force is not parameter-free at N3LO
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3N force is not parameter-free at N3LO
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Freedom at LO

» OPE constrained by chiral symmetry (Goldberger-Treiman)

P unconstrained contact terms encode complicated short-distance
dynamics
» minimal contact Lagrangian at LO

1 1
L= —ECSNTNNTN - 5(:T/\/TU,N/\/TU,-N
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Freedom at NLO

(NTN)(NTN)
(NToN) - (NToN)

Os

(NTVYN)? + hee.
(NTUN) - (NPT N)
(NTN)(NTV2N) + hec.

i(NTON) - (NTV x oN) + h.c.

§(NTN)(VTY . o x W)
i(NToN) - (NTV x W)

(Nio - ¥N)(Nio - UN) + hee.

(NW'?’EN)(NTU’“@N) +h.c.
(NWWN)(NTUJ‘?N) +h.c.
(Nio - B N)(N'T - oN)
(NToIVEN) (N0 )
(NWV:{NXAHQUW)

(NTY . o VIN)(NToIN) 4 hec.

2(NTVol - VN)(NoI N)

[Ordofiez et al. PRC 53 (1996)]
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Freedom at NLO

» only 12 independent operators since

19 (NTN)(NTN)

o; (Vo) - (NioN) O7 +2010 = Og + 2011 and Oy + O5 = Op
0, (NTVYN)? + hee.

0, (M?N (NTTN)

0s]  (NTN)( M?ZV The

04 |i (NTVN) - NT(€><UZV +he

05| i(NTN) N*$ o x _V)N)

0s| i(NToN). (N9 x UN)

0 | (NTo - VN)(N'o - VN) + hec.

i e

05 | (NI VFNY(NToAVIN) + hc.

O (NW%ZN)(NTUJ?N) +h.e.

On| (Vo - ¥N)(N'V . oN)
— =

On|  (NTOIVFN)(NTVighN)
. —

01|  (NToIVEN)(NTVEGIN)
—

03| (N1 - & VI N)(NToIN) + hc.

Ou| 2(N1¥oi . FN) (N1 N)

o

[Ordofiez et al. PRC 53 (1996)]
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Freedom at NLO

0s (NTN)(NTN)

or (NtoN) - (NToN)

0, (NTVYN)? + hee.

0, (M?A (NTTN)

0s]  (NTN)( M?ZN The

04 [i (NTON) - Nﬁxm\ the.

05| i(NTN) N*$ o x ?N)

05| i(NToN)- (NTV x UN)

o (Ma ?N)(Nfa ?Nwh.c

i e

05 | (NI VFNY(NToAVIN) + hc.

Oy (NT(,']%ZN)(NTU]%N) +h.c.

On| (Vo - ¥N)(N'V . oN)
— —

On|  (NTOIVFN)(NTVighN)

01|  (NToIVEN)(NTVEGIN)
o

03| (N1 - & VI N)(NToIN) + hc.

0| 2(N1Vo? - VN)(N10IN)

[Ordofiez et al. PRC 53 (1996)]
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O7 +2010 = Og + 2011 and Oy + O5 = Op

in terms of 7 LECs

vk Q=GR+ G+ (GK +GQRY)or o2

o1 +o
ticg T2
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» NN potential in the c.o.m frame is given
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Freedom at NLO

» only 12 independent operators since

TNYNTN

ol e ey 07 + 2010 = Og + 2011 and O + Os = Og
gl (N?%VN Af%cw » NN potential in the c.o.m frame is given
Oz (NTN)( ]\/t?b\, +he. Ip tgrms of 7 LECs
04 [i (NTON) - Nﬁxa\ the. i
05| (VTN N*‘G o x ?N) N PR
05| i(NToN)- (NTV x UN)
0; (va ?w)(wa ?N)Hm M
O, (NW'@N)(NTU’“@N) +h.c.

8
o (NToJ%N)(anf%zN) +hec. vk, Q) =G K+ Q2+ (GK +C Q%) oy - o
On| (Vo - ¥N)(N'V . oN) o1 tos
on (NTO'JQN)(]WaoJ"N) +iC—— - QXk+Coy-kopy-k+CGop-Qor-Q
On|  (NToIVEN)(NTE0T N)
O1s| (N'¥ - o VI N)Y(NT0IN) + hc,
Ou| 2(N1¥oi . FN) (N1 N)

» significance of the 5 remaining LECs?

[Ordofiez et al. PRC 53 (1996)]
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Freedom at NLO

» only 12 independent operators since

Os (NTN)(NTN)
or (Vo) - (NioN) O7 +2010 = Og + 2011 and Oy + O5 = Op
o Nf%zw Af%“w » NN potential in the c.o.m frame is given
2 4 .
04 (NTN)( ]\/T?ZN +he. Ip tgrms of 7 LECs
04 [i (NTON) - Nﬁxa\ the. i
05| i(NTN) NT$ ax?N) c—o—s. a<lose)
05| i(NToN)- (NTV x UN) 2
o (vaﬁw)(wa ?N)Hm M
Og (NW'@N)(NTU’“@N) +h.c.
0y | (N1 TN )(NT0I T N) + hc. vk Q=GR+ G+ (GK +GQRY)or o2
O (No-FN)(N'T-oN) ot o
on <NW€£N)(NT§MN) 116 T2 axkt Goy ko k+Croy-Qor-Q
Ons (anfvjw)(f\rkaow)
03| (N1 - & VI N)(NToIN) + hc.
0| 2(N1Vo? - VN)(N10IN) e .
» significance of the 5 remaining LECs?
[Ordofiez et al. PRC 53 (1996)] (P-dependent NN interaction?)
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The relativistic answer

[LG + M. Viviani, FBS 49 (2011)]

build the NN contact Lagrangian in
terms of relativistic nucleon fields

many more operators due to the large

nucleon mass
non-relativistic reduction

=[(5) =5 (o0 )rgm (5 )]

only 9 combinations of non-relativistic
operators up to O(p?)

1
Os + — (01 + 03 + Os5 + Op)
4m?

1
Or — —5 (05 + 06 — O7 + Og +2 012 + O14)
4m

+ 7 “c.o.m operators”
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The algebraic answer

[J1, 4] =iekgk, KT KT = —iebk gk, [JI, KI| = ielkKkk, [P PY] =0,
|KT,PI] = —isUH, [J7, PI] = ielkpk, |K', H] = —iP', [JI,H] =o0.
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The algebraic answer

[JI, J] =iebkgk, (K, KI] = —ielkJk, [J, KI] = ielkKk,
[K', P = —igiH,  [J, P =ieip¥, (K, H] = —iP,

— —

in the instant-form H = Hy + H;, K = Ko + K
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[PH,P¥] =0,
[JI,H] =0.



The algebraic answer

[J1, 4] =iebkgk, KT KI| = —iebk gk, [J1, KI| = ielkKkk,  [Pr PY] =0,
|KT,PI| = —isUH, [J7, PI] = ielkpk, |K', H] = —iP', [JI,H] =o0.

in the instant-form H = Hy + H,, K= Ko+ K

—

K, = / dPxXH(x) + 6W
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The algebraic answer

[JI, J] =iebkgk,  [KI,KI] = —ieikgk,  [JI, KI] = icikKkk, [P, PY] =0,
|KT,PI] = —isUH, [J7, PI] = ielkpk, |K', H] = —iP', [JI,H] =o0.

—

in the instant-form H = Hy + H,, K= Ko + KI

—

K, = /d3x>?H/(x)+5W
expand in soft momenta
Ho=HO +HP + B + . Ko=K{V+ kD + KO + .

and solve order by order for H; = Hyn + Hsny + ..., and SW
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The algebraic answer

[JI, J] =iebkgk,  [KI,KI] = —ieikgk,  [JI, KI] = icikKkk, [P, PY] =0,
|KT,PI] = —isUH, [J7, PI] = ielkpk, |K', H] = —iP', [JI,H] =o0.

—

in the instant-form H = Hy + H,, K= Ko + K/
K, = /d3x>?H/(x)+5W
expand in soft momenta
Ho=HO + HP + HO + ., Ko=K + kP + kP + .,

and solve order by order for H; = Hyny + Hsn + ..., and SW

Hun = HG) + HG) + H) + .
Hay = HS) + HE) + ..

SW =sWw® 4 ..
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Resulting drift interaction at NLO

genuine NN interaction

v(kQ) = GK+GCQ+(GK+ G o otiC I

4+ GCso1-kor-k+Go1-Qo2-Q,

-Q x k
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Resulting drift interaction at NLO

genuine NN interaction

o1+ 02

vik,Q) = GK4+GRH+H(GK+CGQRYNo-02+iGCs
4+ GCso1-kor-k+Go1-Qo2-Q,

-Q x k

,B—dependent interaction

o1 — 02

Vp(k,Q) = I'C1>k -P><k+c2*(01-P02-Q70'1-Q0'2-P)

+ (G +CG o 0)PP+Cor-Poy-P,
with fixed LECs as 1/m? boost corrections to the LO interaction

Cs—Cr
4m?2

C C c
, G=-L, g=-", G=-—L, ¢G=0,

Cf = , ) s
! 2m? 4m? 4m?

[LG et al. PRC81 034005 (2010)]
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Drift effects

PHYSICAL REVIEW C 'VOLUME 52, NUMBER 2 AUGUST 1995

Variational Monte Carlo calculations of *H and “He with a relativistic Hamiltonian

J.L. Forest and V.R. Pandharipande
Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801

J. Carlson
Theoretical Division, Los Alamos National Laboratory, MS B238, Los Alamos, New Megico 87545

R. Schiavilla
CEBAF Theory
and Department

PHYSICAL REVIEW C 74, 044002 (2006)
In relativistic Hamiltor
action in the Pyj = 0 res

Nucleon-nucleon potential: Drift effects
total momentum P;; and,
terms: §vgg, dvLc, Svre, . .
relation, Lorentz contracti M. R. Robilotta
butions of uns and dvi.c Instituto de Fisica, Universidade de Sao Paulo, C.P. 66318, 05315-970 So Paulo, SP, Brazil
for °H and "He. In this p (Received 4 May 2006; published 17 October 2006; publisher error corrected 31 October 2006)
Svrp and Svqu. These arg

In the rest frame of a many-body system, used in the calculation of its static and scattering properties, the
center of mass of a two-body subsystem is allowed to drift. We show, in a model-independent way, that drift
corrections to the nucleon-nucleon potential are relatively large and arise from both one- and two-pion exchange
processes. As far as chiral symmetry is concerned, corrections to these processes begin, respectively, at O(¢2)
and O(q*). The two-pion exchange interaction also yields a new spin structure, which promotes the presence of
P waves in trinuclei and is associated with profile functions that do not coincide with either central or spin-orbit
ones. In principle, the new spin terms should be smaller than the O(¢*) spin-orbit components. However, in the

isospin-even channel, a large contribution defies this expectation and gives rise to the prediction of important
drift effects.

=] =
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).

what about the Is—dependent interaction?
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).

what about the Is—dependent interaction?

> identify a basis of non relativistic operators at O(p*)
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).

what about the ﬁ—dependent interaction?
> identify a basis of non relativistic operators at O(p*)

P> write down an overcomplete set of relativistic operators
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Freedom at N3LO

The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).

what about the ﬁ—dependent interaction?
> identify a basis of non relativistic operators at O(p*)

P> write down an overcomplete set of relativistic operators

P express the latter in the chosen basis using the non-relativistic
expansion

(3 ) (a0 Yot () (o ben Yo (5 o 9).

. Girlanda (Univ. Salento) Freedom in the chiral 3-nucleon force at N3LO
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Freedom at N3LO
The “c.o.m. interaction” (depending on 15 LECs)

v(k,Q) = Dy k* + D> @* + D3 K2Q% + D4 (k x Q)? (D5 K* + D Q* + D7 k2Q% + Dg (k x 0)2) o1 - o
+ (Do ¥ + D10 @) (=15 - (k x Q) (D11 K + D12 @) (o1 - k) (02 - K)

+ (D13 K% + D14 @) (1 Q) (2 - Q)Dss (o1 - (k x @) o2 - (k x Q).

what about the ﬁ—dependent interaction?
> identify a basis of non relativistic operators at O(p*)

P> write down an overcomplete set of relativistic operators

P express the latter in the chosen basis using the non-relativistic
expansion

(3 ) (a0 Yot () (o ben Yo (5 o 9).

P extract the linearly independent combinations
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Non relativistic basis
Operator
07" = ik (k x P - (01 — 02))
O;”:k-P(k-n]Q-az—k-n—zQ-n])
—K(Q-01P 0, - Q 2P 01)
S G

Operator

o5

(k-P)201- 02
o~” =P’k o1k 02
03" =k- P(k o1P oy +k-02P-01)
Of =K2P-a1P -0z
Oy = iQ*(k x P - (01 — 02))
05 =iQ-P(Q x k- (o1 — 02))
0y4' = iP*(k x Q- (1 + 02))
iP-k(Q x P (o1 + 02))
=iQ P(Pxk- (o1 +02))
= iP(k x P- (01 — 02))
Off' =Q*Q-01P-02 - Q-02P - 01)
o5 = P2@?

054/ =P-Q(P - 01Q-02+P-02Q-01)
03 =P2Q-01Q 02
PZ(P Q- 027" o2Q-01)
037 — P
034! = Poy - o,
O}/ =P2P-01P o2

o
02

10
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Redundant set of relativistic operators

Fra®rlp Operators
1®1 O1-6 = YyYuy

1®y Or9=3 wg"mmw

1@y O-12 = 5; 36‘“’“3@ O ppOupyays O gy
5 Qs O13-15 = —Pysybysds -
¥R 016 = 157V 0P5 0 70 410, G0y O ¢
T®y Or7— 19—wmuw“w

02022 = 750y 0 vy G /‘w
& walbge GG

1875 Om= ey, 9770 uwaﬂw%'vs B

- A
Bae = 5ty e 95770 0, a5 0 4 0 o¥
Oss5-27 = 7€ *P4y,, 5 L pOatbypysth

O30 = 7= E“”"’sﬂfvulﬁ'@u&“fiﬂs 9 g9
Y5 @ Y5 531 36 = uw LfW’Yu'YsW
Os7-30 = ‘fﬂ”‘f"’)s 9 VPYyuys O pip
TV Q0 Os0-42 = 3(’””‘* Pyus O v O Tpdoay O g
O35 = - vl MVSMUM\ 9 g
Ous—18 = 5" Fhyuys 9 vibhoasy
cRo Oug—51 = Doy ipdpor’sp

1 gz A
Osp—s0 = 7% doh>D Bynpo,s 0 at)

to be expanded non-relativistically

Gradient structures

o o o

(1T a2, (4 TP (dn- T p)a. 0}

1,da-dg,d?
{ a de 2}
{1,£>A'£>B-,d}
{1, da dgd}

1
(1 dA dB @}
(1.Ta-Tp,a?)

1

1
P I
L da dp d}
{1, dA dE d?}

(1,Ta- dB,dQ(dA D)2, (d a-q )2, d*

{1, ‘iA dsde
{1, da dp,d}
(1L,°Ta-To,d?
{1,‘7/1'{75,0'2}
{LEA'?BVdQ}
{L, da-dp d}

[E. Filandri + LG, PLB 841 137957 (2023)]
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26 independent operators

Operator

Operator
01" = ikP(k x P - (o1 — 02))

03" =k -P(k-01Q-02—k-02Q- 1)

7 =1(Q- 1P oy —Q o, P o)

07" = k2p?
07" = kP01 - o
0z = (k. P)?

05" =k- P(k-o1P-o2+k-02P-01)
O =K2P-01P o2
Oy = iQ¥(k x P - (01 — 02))
0} =iQ-P(Q x k- (01 — 02))
o kx Q- (o1 +02))
01/ = iP - k(Q x P (a1 + 02))

L %

0 = % (o1 +02) - (Q x k)
@ (0 +02)- (@ x K)
= k2oy -koa -k
Q%, koa -k
251 Qo2 - Q
01 = Q%01 Qo2 Q
Oy =0o1-(kxQ)oz2-(kx Q)

05 = ik-QQ x P (01 — 2)
O, =k-Q(k x P) - (o1 x o2)

0js” =1Q-P(Px k- (o1 +02))

03/ =(P-Q)%01 -0
0} =Q°P-a1P 0o
03/ =P-Q(P-01Q-02+P - 02Q-01)
03 =P2Q-01Q 02
O3 =P2(P-01Q-02—P-02Q-01)
Pt

L. Girlanda (Univ. Salento) Freedom in the chiral 3-nucleon force at N3LO
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26 independent operators
Operator

Operator
01" = ik?(k x P - (o1 — 02))
03" =k-Pk-01Q-02-k-02Q-01)
07" =K (Q a1P- G'Q*Q 2P o1)
0y = k2p?

6
07" = (k- PYoi - o>
0;" = P2k a1k o2
03" =k-P(k-o1P-02+k-02P-01)
0 = K2P - o1P- o
O} = iQ*(k x P - (o1 — 02))
0 =iQ-P(Q x k- (a1 — 02))
iP?(k x Q- (o1 + 02))

oy
01/ = iP - k(Q x P- (o1 + 02))
0/ =1Q-P(P x k(o1 +02))

03 = iP2(k x P - (1 — 02))

ol = q2p. rnP o
04/ =P-Q(P-01Q 02+ P-0,Q-01)
03 = P2Q.1Q o,
O{”*PZ(P 01Q-02-P-02Q-01)
o3 = P
032/ Z Ploy -
0L PP 0iP 0

g .
Ol =01 (kx Q) - (k x Q)
0 =ik-QQx P (o1 — 3)
0y =k Q(kx P)- (o % 3)

(k, Q) = drift terms + iDjgk - QQ X P - (01 — 02) + D17k - Q (k x P) - (o1 X 03)

— 2 “forgotten” LECs @N3LO contributing in larger systems than 2N

L. Girlanda (Univ. Salento) Freedom in the chiral 3-nucleon force at N3LO
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Is this a new NN interaction @N3LO?
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Is this a new NN interaction @N3LO?

P> vyes, it is new
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Is this a new NN interaction @N3LO?

P> vyes, it is new
» no, it is not a NN interaction

L. Girlanda (Univ. Salento) Freedom in the chiral 3-nucleon force at N3LO

11



Is this a new NN interaction @N3LO?

P> vyes, it is new
» no, it is not a NN interaction
> vyes, it arises at N3LO
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Is this a new NN interaction @N3LO?
P> vyes, it is new
» no, it is not a NN interaction
> vyes, it arises at N3LO

It can be absorbed with a suitable unitary transformation of the 1-body
kinetic energy Hp

UTHoU — Ho + [Ho, 4 T4 + a5 Ts] = Ho — Viun(P)

with m m
U= ea47—4+a57—57 g = —§D16, ag = —ZDN
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Is this a new NN interaction @N3LO?

P> vyes, it is new

» no, it is not a NN interaction
> vyes, it arises at N3LO

It can be absorbed with a suitable unitary transformation of the 1-body
kinetic energy Hp

with

and

Ty

s =

UTH()U — Ho + [Ho,Oé4T4 + as T5] = Ho — VNN(P)

m m
U=elitasTs oy = —g D, as=-7Du

ek / BNt NN o N ~ P x Q- (o1 — o)

/‘ &x [N D o N (N W) — T T AN (NN ~ (P ok o2 — P ook o1)/2

[LG et al. PRC 102 064003 (2020)]
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Further unitary transformations

U=e¥Ti — UTH()U:ZiOz,'

15

[P. Reinert et al. Eur. Phys. J. A 54 (2018) 86]
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Further unitary transformations

15
U=exTi — UTH()U:ZiOz,'

[P. Reinert et al. Eur. Phys. J. A 54 (2018) 86]

o= /d3xNT & nvi(nt vy
T = /d3xNT T oI Nv (VT ol )
= /d3x [vT SN (v o vy + N T NI (N o)
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Further unitary transformations
17
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Induced 3N forces

The same unitary transformation induces 3N interactions

2 3

UJr |:C5/T >< :| U= ZmDiCS/T
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Induced 3N forces

The same unitary transformation induces 3N interactions

2 3
UJr [CS/T ]U:ZmDiCS/T

vV = Z(E1+EzT,"7’j+E30','~0'j+E4T,'~TjO','~0'j)|: (r,J)+2 0
i#j7k

+(Es + EsTi - 7j)Sjj {Zél(’ij) Zo(ry)] o(rik)

rij
(ru)z (ri)
rij

+(Eo + E1omj - T)0j - Pjory - PucZo(ri) Zo(riuc)
+(E11 + Evo7j - Tk + ExsTi - 7)ok - Fyoj - PucZg(ri) Zo(ric)

+(E7 + Eg7i - T )(L- S)j;
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Ey = Cs(a1 + ap) + Cr(a1 — 2a),

Ey = Cr(3an + 2a3—8ay + 2as),

E3 = 2Cs(an +2a3/3) + C1(2a1 — ap — 2a3/3 + 8ay — 2ass),

Ey =2Csan/3+ Cr(2a; — Tap — 2a3 + 8ay — 2a5)/3,

Es = 2Cs(an + 2a3/3) + 2Cr (a1 — 2as — a3/3 + 4ay — as),

Ee = 2Csap/3 +2C7 (o — 200 — a3 + 4oy — a5)/3,

E;= 24Crou,

Eg= 8Cray,

Eg = Cs (3an + 2a3—ay + 2a5) + C1 (3a; — 6an — 4a3 + 1lay — 4as) ,
Ejgp = Cs (ap—ay) + Cr(ag — 2ap + 5au),

E11 = Cs(3an 4+ 2a3 + ag — 2a5) + Cr(3a; — 6 — 4az—1lay + 4as),
E1p = Cs(o2 + o) + Cr(a — 2ap—5ay),
Ei3 = —4Cy (4o — as).

with aj ~ O(m) ~ O(p~!) enhanced (Weinberg counting)

16Dy + Dy +4D3) R ik
ay = . ap = -
1 16 1 2 3 2 16

16D5 + Dg + 4D7), o
5 + De 7) 355

(D14 + 16Dy + 4D1p + 4D13)
m m
oy = EDlﬁs as = 7o (8D17 — D14 — 16D11 — 4D1p — 4Dy3) ,
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[Skibinski et al. FBS65(2024)]

| Emulator for Nd scattering —

fit to the true data at 10,70, and 135 MeV (786 data points)

TABLE III The values of strengths ¢
found in the least squares fit to the data from
Table 11 at the three energies E = 10, 70, and

5 MeV.

—1.49 £0.06
—1.27£0.06
6.40+0.33
7.80 +0.36
6.974+0.34
—2.06£0.13

—2.61£0.05
—4.59£0.22
—0.98 +0.05
114 £0.05

o

[ 1.000
0.122
©.068
0.202
©.040
0.107
-0.237
0.566
0.124
0.094
-0.052
0.038

| -0.066

c

0.122
1.600
0.048
0.166
0.067
0.084
-0.059
0.144
-0.284
0.298
-0.127
0.128
0.191

= Big values of cg;,Cep,Ce3:Ce7,Crg

= Correlation coefficients close to £

5

0.068
0.048
1.000
0.945
0.982
0.843
0.087
0.201
0.551
0.500
0.176
0.228
0.027

cr, ek, ek

0.202 0.040 0.107 -0.237
©.166 0.067 -0.084 -0.059

0.945 ©.982 -0.843 ©

1.000 ©.934 -0.770 -0.112

0.934 1.600 -0.917 ©

0.770 -0.917 1.000 -0.317

-0.112 0.098 ©.317 1
0.356 -0.214 -0.114 o.
0.629 ©.574 ©.583 ©
0.581 ©.528 0.556 ©
-0.007 ©.111 -6.172 ©.
0.041 ©.093 0.053 ©
-0.184 -0.012 -0.035 .

P(ELEy), p(ExEs), p(ELE3), p(E3Ey). p(E7.Eg)

ek

087

098

000
540
.113
.126

898
521
719

<k, s

0.566 ©.124
0.144 -0.284
-0.291 ©.551
0.356 0.629
-0.214 0.574
0.114 -6.583
0.540 6.113
1.000 -0.243
-0.243 1.000
0.197 0.995
0.253 6.108
0.175 -0.044
0.167 -6.205

o

0.094
0.298
0.500
0.581
0.528
0.556
0.126
0.197
0.995
1.000
0.102
0.068
0.203

= Correlation coefficients close to O: (cp,Ce),(Cp,Cei peside £6)+(Ce:Cen)

= y?/data=35

<6,

0.052
0.127
0.176
0.007
0.111
0.172
0.898
0.253
0.108
0.102
1.000
0.795
0.787

b

0.038
0.128
0.228
0.041
0.093
0.053
0.521
0.175
-0.044
0.068
0.795
1.000
0.746

cry

0.066
0.191
0.027
0.184
-0.012
0.035
0.719
0.167
-0.205
0.203
0.787
0.746
1.000
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The new matrix of orders

N2LO | N3LO | N4LO




Further topologies
induced from one-pion-exchange

Y

gA ki - o Ti - Tx
Vo == 3 T ek koo
+as [ki - ki ki - o+ 2ik; - (Qi — Q)) ki - 7 X 07j]
+ (a3 + as) [k,%kj~a'jf2ikj'o'jkk~0,- xoi+2iQj- ok - ki xo';]
+ (o3 —as) [k - ki ki - o) +2ikj-oj ki - Qj X 0; — 2iQ; - 7 ki - ki X o]
—20u ki -oiki- Qj x oj —2iki- Qi (ki - Qi Q-0 — ki - Q; Q; - o)]}

T
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Further topologies
induced from one-pion-exchange

gA ki - o Ti - Tx
Vo == 3 T ek koo
+as [ki - ki ki - o+ 2ik; - (Qi — Q)) ki - 7 X 07j]
+ (a3 + as) [k,%kj~a'jf2ikj'o'jkk~0,- xoi+2iQj- ok - ki xo';]
+ (o3 —as) [k - ki ki - o) +2ikj-oj ki - Qj X 0; — 2iQ; - 7 ki - ki X o]
—20u ki -oiki- Qj x oj —2iki- Qi (ki - Qi Q-0 — ki - Q; Q; - o)]}

T

O(p~!) x O(p°) ~ O(p*) = N3LO
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Use of the freedom: resolution of the p — d A/ -puzzle

— AVI8
— AVI18+ UIX
A=500 MeV —
--- Fit3
006 T3 003 T T ]
. 8:(34; : o 4 _omf .
< 0,03 \ e 3 r 77 1
0,02F 3 = 001} s -
0.01F 3 L -
) S E I R B XX 0 [T T B
0 30 60 90 120 150 180 0 30 60 90 120 150 180
8, [deg] 0., [deg
0,01 =
0K e
S -001F 3
= 0.02F 3 -
-0,03 e Fitting procedure | 2-param. | 3-param.
OMEM o0 T x/d.o.f. 2.1 19
"0 30 60 90 120 150 180 Z 0.459
e
6, [deg] &4Cs 1.751 1.894
or AT T T T T T A a5 Cs -0.495 -1.175
001 Q300 7 Zand (fm) 0.573 0.599
0,02~ F200F b
-0,03 - S 100 .
004l L1111y P P U I B B
00 30 60 90 120 150 180 30 60 90 120 150 180
6 [deg] 6, l[deg]
em em.
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Summary and outlook

» There are 5 free LECs in the 3N force at N3LO to improve the
description of scattering data

» N —d A, puzzle can be solved in this way
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» There are 5 free LECs in the 3N force at N3LO to improve the
description of scattering data

» N —d A, puzzle can be solved in this way

» current work towards adding the pion-range induced component with
consistent chiral interactions

P explore the impact in A > 3 systems
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