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N3LO 2N Contact Interactions from Relativistic constraints

The general expression of the relativistic NN contact Lagrangian invariant under parity, charge conjugation and time
reversal symmetry consists of products of fermion bilinears as

—<= R =~d —<= A=
(”‘pam"' 3;L,TA¢)3A1-~3M(¢3V1”' 3VJFB¢) J
o

1 = relativistic nucleon field, & = 3 — 0 and 'y g = generic elements of the Clifford algebra

@ Regarding the isospin degrees of freedom structures as 1 ® 1 and 72 ® 77 are allowed, however the latter can be
disregarded since it can be eliminated by Fierz rearrangements

@ To specify the chiral order of each building block, it is necessary to identify the powers of soft nucleon momenta p
> The derivatives 9 acting on the entire bilinear ~ p

A rd .
> 9 ~ p® due to the presence of the heavy fermion mass scale

> 5 ~ p since it mixes the large and small components of the Dirac spinor
@ Use of equations of motion to reduce the number of terms

These criteria lead to the complete (although non-minimal) set of relativistic contact operators up to O(p*)
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A complete non-minimal set of relativistic contact operators.
Here ‘@ x = @ x /(2m) (X = A, B) and d = 8/(2m).

[E. Filandri and L. Girlanda, Phys. Lett. B (2023)]
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A complete non-minimal set of relativistic contact operators.
Here ‘d x = @ x /(2m) (X = A, B) and d = 8/(2m).
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Complete basis of non-relativistic operators computed between
states of two nucleons with p1(p;) = P/2 + Q £ k/2 and

p2(ph) = P/2 — Q £ k/2.

@ NR expansions of relativistic operators can be expressed via the basis of NR operators presented
[E. Filandri and L. Girlanda, Phys. Lett. B (2023)]
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Complete basis of non-relativistic operators computed between
states of two nucleons with p1(p]) = P/2 + Q & k/2 and

pa(p}) = P/2 — Q £ k/2.

@ NR expansions of relativistic operators can be expressed via the basis of NR operators presented
> 26 independent combinations
> Existence of 2 free LECs which parameterize an interaction that depends on P

> All the remaining P-dependent interactions are uniquely determined as relativistic corrections
[E. Filandri and L. Girlanda, Phys. Lett. B (2023)]
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Redundancy at N3LO .
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Redundancy at N3LO .

U= ea,-T,-

T = [Nt VINT (NTN)

T = [ PNV I NV (NToIN)

Ty = [ & [N1 ¥ oiNVI (NFoIN) + NT i/ NVI (NFo'N)| [P, Reinert et al., Eur. Phys. J. A (2018)]
To = il [ 3Nt TNt ok N

Ts = [ d [N1 Vo NVI (NToiN) — N1 ioiNVI (NToTN)]  [L. Girlanda et al., Phys. Rev. C (2020)]

UtHoU = Ho + ai[Ho, Ti] + -+ = Ho + a;idiHo + - - - = ><
UTHCS/CT(>< )U = Hegjcr +ailHegjcps Til + -+ = Hegjop + aibiHegjcp +- - = X

«; are related with the D; and E; LECs
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0E1 = (Cs + CT) + az (Cs — 2C7-)
§Ep =302C1 +2a3Cr — 80y C1 + 2a5Cr

2
0E3 =201 Cr + a2 (2Cs — C1) + 503 (2Cs — C1) + 8cuC1 — 2a5Cr

2 1 2 8 2
0Ey = —onCr + —az (2C5 — 7CT) — —a3Cr + —aaC1r — —asCr

3 3 3 3 3
2
0Es = 2a1C1 + 202 (Cs — 2C7) + §a3 (2Cs — Cr1) + 80aC1 — 205 Cr
2 2 2 2
6Es = 5(21CT + 5(12 (Cs — 2CT) — §(M3CT + §a4CT — 50&5CT7
5E7 = 240&4CT
1
6Eg = =I0F;
8 3 7

0By =301 Cr + 302 (Cs — 2C1) + 203 (Cs — 2C7) — aa (Cs — 11C7) + 2a5(Cs — 2C7)
010 = a1Cr + a2 (Cs — 2C7) — %m (3Cs — 15C7)

0E1 = 3a1Cr + 302 (Cs — 2C7) + 203 (Cs — 2C7) + a4 (Cs — 11Cr) — 2a5(Cs — 2Cr)
0E1; = a1 Cr + a2 (Cs — 2C7) + %cm (3Cs — 15C7)

0E13 = —1604Ct + 4a5Ct
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Therefore:

@ It is possible to remove 5 D; LECs from the NN contact potential as long as we consider the shifts §E; as an effect
at N3LO

@ The five LECs parametrizing the N3LO NN off-shell interaction can be fitted to observables of the 3N system and
interpreted as a 3N interaction

Using the relations between the dE; and «;, we tried to fit the o parameters to the p-d scattering observables

As a first step, we used and hybrid model with a phenomenological two body potential (the Av18), the Ep term and the
dE; N3LO terms
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Hybrid Fit on p-d observables

A = 500 MeV
x%/d.o.f. =17
B(®H) = 8.482 MeV

— 5 parameters fit
— — 3 parameters fit

s AvI8
- = AvI8+Urb IX
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[L. Girlanda, E. Filandri, A. Kievsky, L. E. Marcucci, M. Viviani, Phys. Rev. C (2023)]
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Results of the 5-parameters [3-parameters fits, setting as = as = 0]. Here g = EOF#/\,

Fit
x2/d.o.f. 1.7 [2.3]
o 0.685 [-1.570]
a1Cs 1.410 [-3.611]
& Cs 0.211 [-0.483]
&3Cs | -0.370 [0.209]
& Cs 1.735 [0]
&5Cs 2.266 [0]
2a,q [fm] | 0.648 [0.647]
4ang [fm] 6.31 [6.32]

a; = ajFAN3.

Estimation of some N3LO LEC~S combinations from fit. The D; are in units of 10* GeV~* and D13 = 16Dy + D + 4D;,
D14 = 16D5 + Dg + 4D7, and Dis = D14 + 16D11 4+ 4D12 + 4D13. In the last column, the values obtained in [ R. Machleidt

and D. R. Entem, Phys. Rept. (2011)] and used for the Idaho N3LO 2N potential with A = 500 MeV are shown.

LECs Fit Ref [Machleidt 2011]
Dy3 | -3.96 [10.15] 6.41

D14 | -0.59 [1.36] 4.05

Dis | 2.08[1.17] -3.04

Dis -0.61 [0] -

Dy7 | -0.54 [-0.15] -

Elena Filandri (Univ. of Salento)

N3LO 3NI on p-d observables

July 31, 2023

9/10



Conclusions

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

@ Preliminary investigations show that the N-d Ay problem could be solved in this way

and Outlook

@ Use of unitary transformations in the N3LO Chiral potential

> Add the JE; N3LO terms
» Remove the redundant D; terms

> Unitarity transformation of the term:

K, - .
Hoy = 24 /deTVTraw:rT"N = Vanp = — 24 30 ST Th {01k - keky - o
2F, Fole, K+m

+ ap [kj kiky - o+ 2ik; - (Q,— — Qj) ki - o X a'_,-}

+ (a3 + as) [kPk; - o) — 2ik; - ojkic - Q; x 0 + 2iQ; - ok - kj X 7]

+ (a3 — as) [kj kiky - o+ 2ik; - ojki - Qj X o7 — 2iQ; - ok - kj X cr,-]
—20y4 [kg - oiky - Qj x 0 — 2iki - Qj (kg - QiQ;j - o — ki - Q;Q; - 0) ] }

@ Calculation of scattering observables also exploring the energy dependence and quantitative error estimation
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Chiral EFT potentials




Chiral EFT potentials

VO =Dy k* + D, Q" + Dsk?Q? + Da(k x Q)% + (Dsk* + DsQ* + D7k*Q% + Dg(k x Q)?) (o1 - 02)
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i
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)
N°LO
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R S PR TN
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Choosing [Reinert, et al., Eur. Phys. J. A 54, 86 (2018)]

m m
o1 = m(Dy1+Dy+4D3), as = m(16Ds+ De+4D7), a3 = m(8D11+2D12+2D13+ D14/2), cu = _§D167 a5 = _EDH
it is possible to transform the N3LO two body contact potential
V@ =D1k* + D, Q* + D3k?Q% + Da(k x Q)% + (Dsk* + DeQ* + D7k*Q* + Dg(k x Q)?) (071 - 02)
+ é (Dgk® + D10Q%) (o1 + 02) - (Q x k) + (D11k* + D12Q?) (01 - k) (2 - k) + (D13k* + D14 Q%) (01 - Q) (o2 - Q)
+ Disoq - (k X Q)o’2 . (k X Q) + iDigk - QQ x P - (0‘1 — 0'2) + D17k - Q(k X P) . (0'1 X 0'2)
4
v® =D{ (k* - 4(Q - k)?) + D} (o“ - %(Q : k)z) + Dj(k x Q)2
1 .
+ <D{t (k* —4(Q-k)?) + D (04 - Z(Q . k)z) + D{(k x Q)2> o102+ é (Dyk? + D{@?) (o1 + 02) - (Q x k)
1
+ Dy <_Zk201 ko k+4Q% 1 - Qo - Q) + D}y@? (o1 - ko2 -k — 401 - Qo2 - Q) + Dy (k* —4Q%) 01- Qo2 - Q
+ D{zcrl . (k X Q)U’z . (k X Q)
/
with k = p’ — p, =p;p, P=pi+p

As long as we promote 5 terms of the N4LO 3B potential to N3LO
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Bound and scattering wave functions

The 3H wave function is written as an expansion over spin-isospin-Hyperspherical Harmonics (HH) states times
hyperradial functions, which are themselves expanded on a basis of Laguerre polynomials,

V= Zc“qbu (1)

where p denotes collectively the quantum numbers specifying the combination ¢,, of spin-isospin-HH states.

The Rayleigh-Ritz variational principle,
0(WIH—-E|V)=0

is used to determine the expansion coefficients ¢, and bound state energy E

To describe N — d scattering states below the deuteron breakup threshold the w.f. is taken as
v=wc+0f+> R,.Q
W

W describes configurations in which all the particles of the system are close to each other and is decomposed as Eq (1),
Q*=R are functions describing the asymptotic region. R, are the R-matrix elements.

The W coefficients ¢, and R, are determined by using the Kohn variational principle which guarantees that the R-matrix
elements, considered as functionals of the w.f., are stationary with respect to variations of all the trial parameters
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