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Motivations

@ A more sophisticated version of the three-body force is needed to

> Equation of state for neutron matter = Neutron stars = Gravitational waves

> Structure of nuclei

» Calculations on the fusion between polarized nuclei (d-d, p-7Li, p-11B) [Lecce-Pisa group]

> Long-standing discrepancies: The N-d A, puzzle
or— o0
A, = ar— o
o4 —+ oy
ot, o, = differential cross section with the spin

of the incoming nucleon normal to the scattering
plane

[J. Golak et al. Eur. Phys. J. A 50 (2014) 177]
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Chiral EFT potentials




Chiral EFT potentials
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N3LO 2N Contact Interactions from Poincaré symmetry

From Poincaré algebra constrains: From Non-Relativistic expansion of:
Generators:
ra®re Operators Gradient structures
P =Py, J=Jo, H=Ho+V, K=Ko+W, 1®1 [ 6—11_1$1/_1v {lv?A‘?Bvdzr(dA‘dE)Zv(dA‘(?B)dzvd“}
P = total momentum, J = total angular 1y Or9 =50 3“1111/)"mw (1,92 de.a?)
momentum, K = boost generator. 1@ Or-12 = ,,,zf’“'“ﬂdl 9 b0 hvas T B {1,‘7,\-75,:12}
Commutation relations: 75 @75 O3_15 = —drysubiysts (1,°T s T5.?)
w®0  O16= e 05 079 )0uoay 9 gt L
PLP1=0, [Pl = icjPr, 187 Gir10 = wwuwww (L,Ta Do)
) On-22 = gk O iy T (1.Ga-Tp.a?)
(P =0, D 1= ik, YOV O = ey, 07T 0ati s D 5 1
[Ji, Hl =0, [Jh Kjl = i€k K, Ot = ey w&w%% 9T 1
(H.K] = Onsr = gy, T bOutbyayst (1.9 5.8
Fi. O30 = 1y #VB Ty, $0, ¥vas B (1,94 T5,d)
. 2 bord
[Ki,K] = —iegdi/ <2, 715 ® 775  Onise = it (140 o, (da-dpR (dada)d2 a)
. 2 Os7-30 = 350775 0 "W)’yﬂs Ty (1.9a-Tp.?)
[Pi’Kj] = _";UH/C Y5 R 0 Ous0-a2 = ﬁre“”“i’wmm 3 3"1/)1P007 K Y {11(?/%'{?51‘12
Ous_as = =Py, wswwom?’w (1,‘7;\'(75,‘12}
Expanding in powers of (%) as Oug—a8 = 5 PPy @ st (1,'T4 Tp.a?)
m oc®0 Ou9—51 = wa,www““w {11(?,4 ?Bde
H=M>+HO £ O sz = 75504 & P00 avd (1,94 7o)
K=K 4+ k@O 4
A complete non-minimal set of relativistic contact operators. Here d x = 9 x /(2m)
and solving the commutation relation at each (X =A,B)and d = 9/(2m).
order, relativistic correction can be found. NR expansions of relativistic operators can be expressed via a complete basis of NR operators.

[E. Filandri and L. Girlanda, Phys. Lett. B (2023)]
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In the end, we find:

@ 26 independent combinations:

2 LO
7 NLO
17 N3LO
@ Existence of 2 free LECs which parameterize an
interaction that depends on P
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V) =D1k* + D2Q* + Dsk>Q? + Da(k x Q)? = In the end, we find:
+[.Dsk‘ + DsQ* + D1 K*Q* + Dy(k x Q)*(ory2)
+5 (D3l + Di0Q?) (@1 + 02) - (Q x k)
+(D11k? + D12Q?) (01 - k) (072 - k)
+(D13k? + D14Q?) (01 - Q) (02 - Q) 2L0
+Ds01 - (kx Q)oz - (kx Q) 7 NLO

+iDick-QQ x P -(0y — o
10 k- Q(kx P) S 17 N3LO

@ 26 independent combinations:

@ Existence of 2 free LECs which parameterize an

N3LO
(Q/A) $

+|| interaction that depends on P
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V=Dik* + D2Q* + D3k?Q% + Da(k x Q
+[bD5k“ + DsQ* + D:K*Q* + Dy(k x Q)*(orya2)
+5 (Do + D10 @) (01 + 02) - (@ x K)
+(D11k* + D12Q?) (a1 - k) (02 - k)
+(D13k? + D14Q?) (01 - Q) (02 - Q)
+Diso1-(kx Q)oz- (kx Q)
+iDisk-QQx P -(oy —
+D17k- Q(k x P) - (o1 x a3)]

Vg(i,)=ﬂ—51 k? — ExkPri- 7

ik

~E3sk’oi- 0 — Eskio;-ojTi -7

~Es (3ki - oiki - 0 — kP - 0j)

—E (3ki ok o — k,-zdi -dj) T
Fe eeta o

1

+-E ki x (Qi— Q) - (o +0j) T - Tk
~Eoki-oikj-o;— Ewki-oikj-o;Ti-T;
o —Enki-ojki-oi—Enki-ojkj-oiT-T;

N°LO
(Q/A)*

—Exski-ojkj-oiTi Ty

N'LO

(@Q/Ay)° i

X
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Redundancy at N3LO .

Elena Filandri (Univ. of Pisa) N3LO 3NI on p-d observables February 28, 2024 7/11



Redundancy at N3LO .

U= ea,-T,-

T = [Nt VINT (NTN)

T = [ PxNI Vi NYT (NTo/N)

Ty = [ & [N1 ¥ oiNVI (NFoIN) + NT i/ NVI (NFo'N)| [P, Reinert et al., Eur. Phys. J. A (2018)]
Ty = il [ a3t It 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:

@ 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

To see the effect of D1 and D;7 free LECs, we tried to fit the ais and a5 parameters to the p-d scattering observables

As a first step, we used and hybrid model with a phenomenological two body potential (the Av18) plus the as and as
contributions
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Fit on p-d observables
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— AVIS8
— AVI18+ UIX
— Fit2
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Fitting procedure | 2-param. | 3-param.
x?/d.o.f. 2.1 1.9
=) - 0.459
& Cs 1.751 1.894
a5Cs -0.495 -1.175
Zang (fm) 0.573 0.599
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Conclusions

@ Preliminary investigations show that the N-d Ay problem could be solved including the two free LECs in the 3N
force at N3LO

and Outlook

@ Use of unitary transformations in the full N3LO Chiral potential
@ Calculation of scattering observables also exploring the energy dependence and quantitative error estimation

@ Analysing the effect of Dig and D;7 in systems with A > 3
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Choosing [Reinert, et al., Eur. Phys. J. A 54, 86 (2018)]
m m
a1 = m(D1+D2+4D3), az = m(16Ds+ Dg+4D7), az = m(8D11+2D12+2D13+D14/2), ag = —§D167 as = —EDH

it is possible to transform the N3LO two body contact potential

VW =D1k* + D, Q% + D3k?Q% + Da(k x Q)2 + (Dsk* + DsQ* + D7k* @2 + Dg(k x Q)?) (o1 - 02)
+ é (Dok? 4+ D10Q?) (o1 + 02) - (Q X k) + (D11k? + D12Q?) (01 - k) (02 - k) + (D13k? + D12 Q%) (01 - Q) (02 - Q)

+ Diso7 - (k X Q)o’z-(k X Q)+I'D15k'00 X P-(o’1 70’2)+D17k~ Q(k X P)»(o’l X 07)
4

VW =D{ (k* - 4(Q - k)) + D} (Q“ - %(Q . k)z) + Di(k x Q)?
+ (D4 (1 - 4@ k07) + 05 (' = 1@ K?) + D4tk x @F ) s 0+ (D4 + D4QP) (a1 + 2) (@ x K)

1
+ Dy <_Zk201 ko k+4Q%01 - Qo - Q) + D}y@ (o1 - koz -k — 401 - Qo - Q) + Dy (k* —4Q%) o1 Qo2 - Q

+ Doy - (k x Q)oz - (k x Q)

with k=p’ — p, = , P=pr+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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