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1. Introduction

The determination of an accurate nuclear interaction represents a ggdtalf research in
nuclear physics, with important bearings on other fields like astrophysigarticle physics,
where a clear assessment of the theoretical uncertainty associated tactbar rphysics input
is often crucial. In this respect, modern nuclear interactions based al pkiturbation theory
(ChPT) [1], can be viewed as a definite improvement, since they also allostitnade the error
due to the truncation of the low-energy expansion [2]. In the two-nuc{BiN) sector it seems
that the above expansion scheme, pursued at the next-to-next-twresling order (N3LO)
level, is enough to describe the data with high accuracy, wit/d.o.f. close to one [3]. In the
three-nucleon (R) sector the situation is far less satisfactory. Indeed, while the ChPT sakeme
extremely predictive for the three-nucleon interaction (TNI), in the streenly two LECs appear
up to N3LO [4] (actually only one of them is a truly three-nucleon LEC)lipri@ary investigations
[5] show that strong discrepancies persist at this order betweerythedexperiment, most notably
the so-calledN — d Ay puzzle, a problem that is shared also by the phenomenological models like
e.g. AV18 + IL7 [6, 7, 8]. This could signal a slower convergence ef ¢hiral expansion than
observed in theNN sector. The predictive power of the effective theory would then wgraad
higher order LECs should be adjusted in order to accurately describelddref. [9] we classified
all subleading Bl contact terms, compatible with the discrete symmetry of QCD and with the
relativity constraints [10], which would contribute at N4LO of the chirgpamsion, found that they
are strongly constrained by the Pauli principle, and produced the exXpligitof the associated\8
potential in coordinate space, depending on a short-distance éusoftl 10 subleading LEQS;,
i=1,..,10,

V(z)—; (E1+E2ri-r,-+E30i-o,-+E4ri-r,-ai-a,-)[Zg(ri,-)Jrzz(’(r”) Zo(rik)
ik

1

+(Es+EgTi - T)S; [Zé’(ru) - Zér(lfju)} Zo(rik)
+(E7+ EsTi - 1) (L 'S)ijzér(irjij)zo(fik)
+(Eg+ E10Tj - Tw) O - fij Ok - FirZo(rij) Zo(rik) (1.1)

where§; and(L - §);; are respectively the tensor and spin-orbit operators for pariieled j, and
the functionZy(r) is the Fourier transform of the cutoff functidi(p?; A),

dp
A) = éPTF(p%A). 1.2
2o(1:) = | € F 5N (1.2)
Whether the inclusion of these additional terms could lead to an accurat@anintkraction de-
pends on their flexibility to solve existing discrepancies between theory xgretiment for N
observables. It is the purpose of the present paper to investigate thes Specifically, we con-
sider a nuclear interaction consisting of the AVBI potential [6] and a TNI of the form

Vany =V © v @) (1.3)
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where the leading!8 contact potentiaV/ (%) is written as
= ; EoZo(rij)Zo(rik)- (1.4)
i-/Tk

We then fit the relevant LECs to tHél binding energy, the doublet and quarféd- d scattering
lengths and accurate scattering datgodrdifferential cross sections and polarization observables
at 3 MeV proton energy [11]. The paper is organized as follows. kti&e 2 we describe the
variational procedure we use to solve fie d scattering problem, which is based on the expansion
on the Hyperspherical Harmonics (HH method). In section 3 we discussdblpin properties

of the adopted interaction, and restrict ourselves to the isospin 1/2 sexdevant for thep —d
scattering. In section 4 we describe the adopted fitting strategy. Finalijisese reported in
section 5.

2. Numerical procedure

The HH method has been reviewed in Ref. [12]. The d scattering wave function, below
the deuteron breakup threshold, is written as the sum of an internal asyeptotic part,

Wisiy, = VYo + Wa, (2.1)

where the internal part is expanded on the HH basis,
o

U denoting a set of quantum numbers necessary to completely specify fhectzamsent, while
the asymptotic part describes the relative motion between the nucleon anduteeot at large
separation, which takes the form of a linear combination of the regular esgllar solutions of
the free (or CoulombN — d Schroedinger equation at relative momentgr(corresponding to
energyE), duly regulated at small distanc®@]', 3, With A =R | respectively,

L), _
W = Qg + ;%Lsus C) [ (2.3)

The weights%’fsus of the irregular solution relative to the regular one are related t&thetrix.
From them we can determine the scattering phase shifts and mixing paranagetber with
the coefficientc, in Eq. (2.2), using the Kohn variational principle. The latter requires that th
functional

[%fsus(‘m = %ESL’S(Q) — (Wusag|H —E[WLsg,) (2.4)

be stationary under changes of the variational parametébsdpn,, with the asymptotic part nor-
malized such that

(Qls3,/H —E|Qlgy3,) — (QLgyg |H —E|Qgy) = 1. (2.5)
This implies that welght@LSL,s must solve the linear system



Realistic 3N force Luca Girlanda

where

Xisus = (Quay, +WelH —ElQlsyy,), Misvs = —(Qlsy, +WEH-ElQusyy,),  (27)
and the internal function‘yg/' have coefficientsﬁ/I solutions of

R/1 R/I
Y o (DuH — E|dy) = —(d,|H —E[Qf),). (2.8)
[Ty

A second-order estimate is then obtained by substituting the obtained \A@@l@ into Eq. (2.4).
Thus the problem is reduced to a linear one: the necessary matrices, tagl.ms. of Eq. (2.8),
can be computed as linear combinations of several matrices, one forsrelar appearing ihy,
which can be computed once for all, weighted by the corresponding Li&th the phase shifts we
then compute observables by truncating the partial wave expansiof ib/2 andL < 6: higher
partial waves give negligible contributions.

3. I'sospin projection

Since the deuteron is an isospin singht;- d can only give access to tfile= 1/2 component
of the TNI. We can therefore decompose the contact operators in thedsminschannels, using
the projectors

1 1
P1/2:é—é(fl-fz-l-fl-fs—l-fz-fg), (3.2)

andPs/; = 1— Py ;. The momentum space potentidf) = ¥i EiO involves the 10 operators,

O = —kiz, O, = —kizTi~Tj,

03:—ki20'i-0'j, 04:—ki20'i-0'j1'i-1'j
05:—3ki~0'iki-0'j+ki20'i-0'j, 06:(—3ki'0'iki~0'j+ki20'i-O'j,)l'i-Tj, (3.2)
O7 = 3ki x (Qi = Qj)- (01 + 0j), Og = ki x (Qi = Qj) - (Oi + 0T} - Ty,

O = —ki-0ik;-0j, O10= —Ki- Oikj - O;T; - Tj,

with ki = pi — p{, Qi = pi + p; andp; (p;) the initial (final) momentum of theéth nucleon, and a
sum overti # j # kis understood. The projections over isospia= 1/2, (Oj)1/» = P1/20iPy, are
given, using the relations derived in Ref. [9], by

1 1 1 1 1 4 1
(O1)1/2 = 01— 502+ 503+ Os+ ;05 + ;06 — 407 — ;05 +Og + 010,  (3.3)

3 3 9 3 9 3 3
(O2)12 = %Oz-i— %03-1— 304-1- %05%- %Os —407 — 2034—09-1- %010, (3.4)
(012 =0, i=3..8 (3.5)
(Og)1/2 = %Oz - %03— %304— %05— %305+207+ gos—k %09 - %Olo, (3.6)
(O10)1/2 = %02 - %03— %804— %05— %806+207+ gog - %Og+ 2010. (3.7)

By examining the above relations, we find that there is only a single piirely3/2 combination
of operators, e.g.

03/2 =30, —303— 04 — 305 — Og + 3607 + 1205 — 90g — 301p. (38)
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Notice that, in order to derive the above projections, Fierz transformédimresbeen heavily used.
Therefore the conclusion only holds up to cutoff effects: indeed theffcsitoears the contact
interactions, and the three nucleons, which are not anymore at the saitien® are much less
constrained by the Pauli principle. As a practical result, we can ignoreuirfits one of the
operators, e.gO».

4. Fitting strategy

According to naive dimensional analysis [13] the expected sizes of the BE&Cas follows,
1 1

~—— Eo~—

FAN' ' FANY
whereF; is the pion decay constant aidis the hadronic scale. This counting is expected in the
pionful theory. In the pionless case the LECs may also receive contmisufiom virtual pion
exchanges, which will produce extra factorsdf/M2. We therefore extract physical dimensions
and write

Eo i=1..,10 (4.1)

_® o &
FAN  — FANY
with ey ~ g ~ O(1) if natural. Also, under the hypothesis of naturalness, there should ieeaa-h
chy, in the sense thag gives the bulk of the TNI, while thg should contribute less. Therefore, we
first find the LO value o0&y by fitting! the triton binding energ(®H) andN — d doublet scattering
lengths?ang [15]. This is only possible up te- 10% theoretical uncertainty, meaning that, in order
to achieve g¢?/d.o.f~ 1, we have to add a 10% theoretical uncertainty to the experimental one.
We then performed various two-parameters fits of the variglelgs, ) to the same observables, for
different values of the cutoff\ in the range 206- 500 MeV, in order to see whether the required
g results to be natural or not. The results are displayed in Table 1. AmonglibevaECs,e3
is the one that allows, when used together v&ghto obtain a better description of the two ob-
servables, while at the same time respecting the expected naturalnessargence criteria. We
therefore select these particular LECs to accounBféH) and?ayg. We also show in Fig. 1 fits to
six further observables, namely the differential cross section andrpaoit deuteron polarization
observables fop — d scattering at 3 MeV proton energy, to the very precise experimental flata o
Ref. [11], in the casé\ =300 MeV. Not only is the obtained value fg® to be considered, but
also the actual values of parameters. In particular, we have to prefer mivtiei@ey is not too
different with respect to its LO value. As a general feature, we obgbiatT,g is mostly sensitive
to es, Ay and Ty to 7, Toy to €10 and Ty, to €. This confirms the previously proposed sensitivity
of the Ay to the spin-orbit interaction [16]. For the differential cross section wkided an overall
normalization of data points to minimize tiy&, i.e. we defined

2
(d/Z — )

Eo i=1,..,10, (4.2)

2
X*= (4.3)
2 (/27
with the normalizatiorZ obtained by minimization,
— Zi diexpditl’]/ai2 (44)

Si(dM?/a?

LAl fits were performed using the POUNDerS algorithm [14].
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A(MeV) 200 300 400 500

e/ X 1.27/13 0.53/40 0.41/110 | 0.45/170
e/er X 1.34/-0.82| 1.09/-0.99| 0.89/-1.45
e/ 2.38/0.84 | 4.24/4.05| 1.70/2.02 | 0.90/2.02
en/€3 0.39/-0.95| 0.89/0.51 | 0.81/0.83 | 0.65/1.27
e/ey X 1.45/0.33 | 1.20/0.40 | 0.97/0.54
e/es 1.52/1.24 | 0.15/-0.90| -0.49/-1.26| -1.47/-1.53
€0/€s 1.70/-0.65| -0.03/0.38| -0.79/0.47 | -1.91/0.52
€o/€7 X X X X
€o/€s X 0.93/-7.95 X X
/e X X 1.37/-7.29 | 1.26/-6.94
€/€10 X -0.03/-4.60 X -1.29/-3.03

Table 1: Results of 1-parameter (first line) and 2-parameter fig(fé1) and?ayg for different values of the
cutoff A. A cross indicates that no solution has been found in theralatange.
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Figure 1: 2-parametefeyp, ) fits to six differentp — d scattering observables at 3 MeV proton energy, for

N\ =300 MeV.

and checked thaZ never differs from 1 by more than 1%. Actually it turns out tHat 0.99
for most of the cases, similarly to the findings of Ref. [17] for the same data.polarization
observables, we took into account the reported systematic uncertgjgtye. we defined,

and

(dPP/z—dM?*  (z-1)?

X’=3

(6i/2)?

)

2
Ogys

7 3 A7/ a2 + (1/ Osys)?

Yi (dith)z/ai2 +(1/0sys)?

(4.5)

(4.6)
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with the overall normalization uncertainty estimated to be within 1% [11], thezefgk = 0.01.
We then proceeded to perform global fits to all observables, also ingltitgN — d quartet scatter-
ing length [18], by increasing the number of parameters until a signifiediction in they?/d.o.f.
is obtained. For instance, in Fig. 2 we display the results of a 3-paramdteafitconsidered ob-
servables using the parametées, ez, ), i # 3.

60
50 -
I N NA=200 MeV
40 + A=300 MeV //
u [ A=400 MeV /¢
(@)
- 30r
N\
x L
20 -
10
ol \ \ \ \ \ \ \ \ \

Figure 2: 3-parameter(ey, €3,) fits to B(3H), %ang and all considereg — d scattering observables at
3 MeV proton energy, for three different cutoffs

5. Results

By successively including more parameters we observe a reductjphdown to x2/d.o.f~
1.6. This happens, foh = 300 MeV when 7, out of the 10 subleading LECs, are used in the fits.
This means that there are correlations among the LECgardiscattering alone cannot determine
all of them. We display in Figs. 3 and 4 the result of a 8-parameter global #t £ 300 MeV amd
N\ = 200 MeV. The blue dashed curves are the results corresponding t&/&&MN interaction
without TNI, while the red solid ones are the fit results. As it is appareftieading contact
interactions allow for a very accurate description of experimental dagarticular, thed, problem
is solved, although this observable still gives most of the contribution tg(nelt should also
be remembered that the effective description is the result of truncating-arlevgy expansion.
Therefore we have to expect a theoretical uncertainty introduced diy tsuncation. From the
fit results we estimate this uncertainty to be of the order of 1%. We should aisb qut that
experimental error are given with only 1 significant digit: a 10% largesremould further reduce
the x/d.o.f. from 1.6 to 1.3, in line with modern realist&N potentials in theNN sector [19]. We
also show in the figures the results for the triton binding energy and fdt thd scattering lengths.
The outcome for the LECs shows that most of them are “natural”, i.e. they danagnitude in
line with naive dimensional analysis. However, we observe, in the case-d200 MeV a change
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Figure 3: 8-parameter fit t@(3H), 2ang and all considereg — d scattering observables at 3 MeV proton
energy, forA =300 MeV. Blue dashed curves corresponding to the AMMNBinteraction, while the red solid
ones include the fitted TNI.
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Figure 4: Same as Fig. 3 but fok =200 MeV.

of sign in the LO LEC, which may depend on the fact that, for such low vatdesutoff the
convergence of the low-energy expansion is problematic, so that siifdeBECSs play a non-
negligible role.

Further investigation is necessary in order to explore all the parametsr,gpansure to find
a global minimum and to study the cutoff dependence. Studies along thesarknegrogress.
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