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Three-nucleon forces from chiral effective field theory
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We perform the first fully consistent analysis ofl scattering at next-to-next-to-leading order in chiral
effective field theory including the corresponding three-nucleon force and extending our previous work, where
only the two-nucleon interaction has been taken into account. The three-nucleon force appears first at this order
in the chiral expansion and depends on two unknown parameters. These two parameters are determined from
the triton binding energy andd doublet scattering length. We find an improved description of various
scattering observables in relation to the next-to-leading order results especially at moderate eBgggies (
=65 MeV). Itis demonstrated that the long-standigproblem innd elastic scattering is still not solved by
the leading 3NF, although some visible improvement is observed. We discuss possibilities of solving this
puzzle. The predicted binding energy for theparticle agrees with the empirical value.
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[. INTRODUCTION teraction between nucleons is strong and remains strong even
in the chiral limit at vanishing three-momenta of the external
Effective field theory has become a standard tool for ananucleons. The main difficulty in the direct application of the
lyzing the chiral structure of quantum chromodynamicsstandard methods of CHPT to the nucleon-nucl@dN) sys-
(QCD) at low energy, where the perturbative expansion intem is due to the nonperturbative aspect of the problem. One
powers of the coupling constant cannot be used. The chiralay to deal with this difficulty has been suggested by Wein-
symmetry of QCD is spontaneously broken and the correperg, who proposed to apply CHPT to the kernel of the cor-
sponding Goldstone bosons can be identified with pions, ifesponding integral equation for the scattering amplitude,
one considers the two flavor sector of the up and dowRyhich can be viewed as an effectiiéN potential[1,2].
quarks as done here. The pions are not exactly massless as itrg|iowing this idea Weinberg was able to demonstrate the
would be the case for masslasandd quarks, but are much \ajidity of the well-established intuitive hierarchy of the
lighter than all other hadrons and are therefore sometim w-nucleon forces: the two-nucleon interactions are more

called pseudo-Goldstone b‘?S?”S- It i.s a general property Q portant than the three-nucleon ones, which are more im-
Goldstone bosons that their interactions become weak f°|50rtant than the four-nucleon interactions and so on

sma_lll momenta. Chlra_l perturbation thed_@HPT) IS an eff The first quantitative realization of the above idea has
fective field theory which allows to describe the interactions , .
been performed by Ordiez and co-workers, who derived

of pions and between pions and matter fielgsicleons, the 2N potential and perf q ical vsis of th
p-mesonsA-resonances, . .) in asystematic way. This is € potential and performed a numerical analysis of the
ﬁwo-nucleon systeni3]. To calculate an expression for the

achieved via an expansion of the scattering amplitude i . Jou
powers of small external momenta and the pion mass. Piofifféctive Hamiltonian for two nucleons the authors (6]

loops are naturally incorporated and all corresponding ultraMade use of Rayleigh-Scldinger perturbation theorithe

violet divergences can be absorbed at each fixed order in tHB€thod is closely related to the Tamm-Dancoff approach
chiral expansion by counter terms of the most general chirdi4,5)), which leads to a non-Hermitian and energy-dependent
invariant Lagrangian. potential. TheA-degree of freedom has been included ex-
This perturbative scheme works well in the pion and pion-plicitely. The 26 free parameters, many of them being redun-
nucleon sector, where the interaction vanishes at vanishingant due to the property of antisymmetry of the wave func-
external momenta in the chiral limit. The situation in thetions, have been fixed from a global fit to the low-energy
purely nucleonic sector is somewhat different, since the inobservables. Ordez et al. obtained qualitative fits to deu-
teron properties as well as quantitative fits to most of the
scattering phase shifts up E,,=100 MeV.
*Electronic address: evgeni.epelbaum@tp2.ruhr-uni-bochum.de  The property of the effective potential from Ré¢8] of

"Electronic address: anogga@physics.arizona.edu being explicitly energy-dependent makes it difficult to apply
*Electronic address: walter.gloeckle@tp2.ruhr-uni-bochum.de it to systems different from the two-nucleon one. In fact,
SElectronic address: kamada@mns.kyutech.ac.jp such an energy dependence is not a fundamental feature of
IElectronic address: u.meissner@fz-juelich.de the effective interaction and can be eliminated by certain
TElectronic address: witala@if.uj.edu.pl techniques, see, e.§g]. In[7] we have demonstrated how to
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derive the energy-independent and Hermitian potential froni2]. The corresponding expressions have been derived later
the chiral Lagrangian using the method of unitary transfor-by van Kolck, who demonstrated that the leading contribu-
mation[8]. The advantage of this scheme is that it is easilytion, Which appears at NLO in the chiral expansion of the
extendable to processes with more than two nucleons and/&chralinger equation kernel, cancels against the iteration of
external fields. In[9] we applied the above mentioned the energy-dependent part of the correspondinteffective.
method to calculate thIN scattering observables and deu- Potential[12]. Such a cancellation in case of the two-pion
teron properties up to NNLO in the chiral expansion. As€Xchange 3NF has already been observed eddl&r Thus
described in Ref[10], the nine unknown low-energy con- the first nonvanishing contribution to the 3NF appears at

stants(LECs) related to contact interactions and the LEGs iNeN LifOt.hlglthe rT:;slfsthlﬁtAir;reizocnoanns(i:gelrsecljnglsugi?ngﬁplEat% "
andc, related to the subleading NN vertices have been '~ P 9 q y

. ) - . ; 1 of the order of the pion mass, the nonvanishing contributions

f3|xed ?y a fit to tr31e Nugneggen phaase shhlfﬂsl]llnl;‘hle S0: o the 3NF are shifted to NLO. Note, however, that such a
S="Dy1, "P1, "Po, "Py,"Py—="F5 € anneis elovEiay  gcheme is not strictly rooted in QCD because of the decou-

=100 MeV. In contrast to Refl3] we did not perform a pling theorem [14] (but can be justified in the large

global fit to the data, which due to the large dimension of they _-expansion, withN, the number of colojs For the
parameter space and computational resource limitationsnergy-independent potential derived with the method of
might not lead to the true global minimum in thé-space unitary transformation one observes the vanishing of the
and cannot easily be performed. Instead we introduced aRLO 3NF as well(as has also been pointed out in a different
alternative set of partial-wave projected LECs and consideontext, e.g., in Refl15]) and the first nonvanishing contri-
ered each of the above indicated channels separately havihgitions appear at NNLO.

at most three unknown parameters in any given partial wave. In our work[16] we performed a complete analysis of the
The chiral potential at NNLO has been shown to lead to dow-energynd scattering at NLO in the chiral expansion
reasonably good description of the NN phase shifts up tavith the NN potential introduced 9] and also calculated
Eis~ 200 MeV as well as of the deuteron properties. Furtheithe triton anda-particle binding energie$BEs). Since no

we demonstrated that including the subleading two-pion ex3NF has to be included at this order and all parameters in the
change at NNLO allows to improve strongly the NLO resultsNN potential are fixed from the ® system, the results for
without introducing additional free parameters associated\>2 Systems are parameter-free predictions. We demon-
with short-range contact interactions, which is a good indi-Strated a reasonably good description of ttieelastic scat-
cation of consistency and convergence of the chiral expari€ing data a€ ;=3 MeV andEp,=10 MeV as well as of
sion. For our choice of the LEQs 3 4 related to the sublead- SOM€ break-up observables Bif,=13 MeV while signifi-

ing 7NN interactions see RefL0]. The correspondindiN cant deviations from the data were foundggi,= 65 MeV.

potential has been denoted]it0] by NNLO*. The LEC'sc; The predicted value for the triton BE is in the range compa-
chosen in[10] had the valuesc,=—0 él GeV ! cl rable to the one based upon various modern phenomenologi-
1= 0 v Cs3

~ 115 GeV, andc,~1.20 GeV'L. These have to be cal potentials, while for thev-particle BE somewhat larger

. . eviations have been observed depending on the chosen cut-
compared with the values extracted from various analyses ff value. Extending the analysis to NNLO requires, as al-

7N scattering at Iead|r11g and next-to-leading ordelﬁ: ready stated before, not only the appropriate modification of
=064 t0 ~1.53 GeV", c3=—3.90 10 ~6.19 GeV ", the NN interaction, but also the inclusion of the 3NF.[10]
andc,=2.25 to 4.12 GeV-. As explained in[10], using  we presented an incomplete NNLO analysis of thé $/s-
average values in these ranges results in a very strong attragm based upon thBIN interaction at NNLO and without
tive two-pion exchange potential and, as a consequence, spiiclusion of the 3NH76]. In this work we present the com-
rious NN bound states appear in the low partial waves. Theplete NNLO analysis of the low-energyd scattering includ-
latter do not lead to any harm in théN system(since they ing the chiral 3NF. We also predict the-particle binding
are outside the range of the validity of the EFT description energy. This is the first time that the complete chiral 3NF has
but cause technical difficulties in systems with more tharbeen included in few-body calculations. Some pioneering
two nucleons. The NNLO* potential with numerically steps in that direction based upon the hybrid approach have
smaller values ot; 4 given above leads to an equally good been done in Ref17].
description of theNN phase shifts as the one with the larger ~ Our paper is organized as follows. In Sec. Il we discuss
values resulting fromrN scattering but is free from the spu- the structure of the chiral 3NF and demonstrate that it de-
rious deeply bound states. Although some arguments haw€nds on two parameters. The partial-wave decomposition of
been given in[10] in favor of the smaller values of these the new terms in the 3NF is given in the Appendix. In Sec.
low-energy constants, a better understanding of the link bell! We discuss how these unknown parameters can be fixed
tween =N scattering andiN two-pion exchange is needed. 0m low-energy3N data. Then we show our results for vari-
In this sense the NNLO* potential should be considered as us glasUc and bregk—um sc_atterlng observable_s as well as
preliminary step. In a future investigation we are going to'°" triton andc_v-par_tlcle BEs in Sec. IV. Conclusions and an
study the role of regularization in generating the very strong?Utlook are given in Sec. V.
TPE, which might shed some light on that problem. Here in
this paper we stick to that choice of NNLO*, drop, however,
the star for simplicity.

The few-nucleon interactions in chiral effective field The chiral 3NF at NNLO is given by the two-pion ex-
theory have been first discussed qualitatively by Weinberghange(TPE), one-pion exchangeOPE with the pion emit-

Il. THE CHIRAL THREE-NUCLEON FORCE AT
NEXT-TO-NEXT-TO-LEADING ORDER
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Let us start with the OPE contribution and discuss first the
structure of the correspondingN NN N-vertex of dimension
- . S A=1. After performing the nonrelativistic reduction for the
nucleon field(or, equivalently, after integrating out the lower
components in the heavy-baryon formaljsame encounters
three different structures in the effective Lagrangianthe

1 2 3 rest-frame system of the nucleons

FIG. 1. Three-nucleon force at NNLO: TPE, OPE and contact
interaction. Solid and dashed lines are nucleons and pions, respec-£ (V)= a, (N'N)(NTomN) - Va+ an(NToeN)(NTAN) - Vo
tively. Heavy dots denote leading vertices with=0 and solid . . -
rectangles correspond to vertices of dimensigr- 1. + ag(NTemN) X (NTeN) -V, 3

ted (or absorberlby 2N contact interactions and\Bcontact where s and N denote the pion and nonrelativistic nucleon
interactions, see Fig. 1. All diagrams include apart from thefields, o; and 7; are Pauli spin and isospin matrices. The
leading vertices witt; =0 one insertion of interactions with symbol- (X) denotes the simultaneous scdlaecto) prod-

A;=1, where the chiral dimension is defined as uct in the ordinary and isospin-space. Note that the terms
with derivatives acting on the nucleon fields are eliminated
Aj=d;+3n,—2. (1) by partial integration. The correspondin®! 3orce at NNLO

is of the form
Here d; and n; denote the number of derivativéer pion

mass insertionsand nucleon fields for a vertex of type o ak,.k ) )
This quantity has been first introduced by Weinberg and is VI > (O 00—, {a10im+ a0i7,
especially useful in the few-nucleon sector. In the pion and i£j£k g+ M7
pion-nucleon sectors one usually uses a different definition. ..
The contribution from the first graph in Fig. 1 is givén +az(o X o)) (n X7} (4)

the 3N cms by [12] (here and in what follows we use the S _
usual notation for expressing the nuclear force: the quantitpince we treat nucleons as identical particles, the few-
V3NFis an operator with respect to spin and isospin quantunfiucleon stateg¥’) are antisymmetric. For these antisymmet-

numbers and a matrix element with respect to momenturfic States the operatolégiz can be further simplified. Be-
quantum numbers cause the force is symmetric with respect to an interchange
of particlesi andj, the relation
1/ ga|? (0i-G)(y-0))
V3NF: _( ) - _)] J FaBTaTﬁ' V3NF \If :A"VSNF "“I, :V3NF B \I} (5)
TPE ii-jzi-kz ZFﬂ. (qi2+M§r)(qj2+Mi) ijk fi OPEl > i OPé > OoP Ij| >

2 holds and therefore one can work equally well with an anti-
. e . .. o symmetrized force. Herel;; is the antisymmetrization op-
whereq;=p; —p;; p; (p/) are initial (final) momenta of the  erator in the space of two nucleonandj, which reads
nucleoni and
I
4c,M2 2c,. . A”:Tj’ ©
F2 + F—iQi'qj'

Fig=0"f

where P;; is the corresponding permutation operator,
c .. Pi:lijy=1ji), given by
+> F—ifaﬁyleUk'[QinJ']- i =lin

4 ™

o . . = (7)
Here, go=1.26 is the axial-vector coupling constar,, 2 2

=92.4 MeV the weak pion decay constant and ¢hg 4 are

the LECs from the chiral Lagrangian of the order 1 [18], In addition, one has to interchange the corresponding

which also enter the corresponding expressions for the sulmucleon momenta. It is an easy exercise to apply the anti-
leading two-pion exchange in thé\2potential. The form(2)  symmetrization operato#;; to that pairij of the 3NF in Eq.
can be shown to match with the low-momentum expansiori4) which interacts via the contact terms and to see that all
of various existing phenomenological 3NFs provided theythree different structures lead to the same expression.
respect chiral symmetry. This issue is extensively discussed In the case of the purely contact 3NF without derivatives
in [19]. we proceed in an analogous way. The most general structure
We will now derive the expressions for the OPE and con-of such 3NF which satisfies the usual symmetry require-
tact parts of the 3NF, see algb2], and show that due to the ments (rotational and isospin invariance, parity invariance
Pauli principle only one independent OPE term and one inand invariance under time reversal transformatiengiven
dependent pure contact term appear in the 3RF20. by
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lIl. FIXING THE PARAMETERS OF THE

Vo= zék {B1+ B0+ i+ Bam - 7] THREE-NUCLEON FORCE
i

I I We now proceed to fix the unknown LEQs, and cg
+Baloi-0y) (- 7))+ Bs(0i- 7)) (7 1) from 3N low-energy observables. To that aim we solve the

S e 3N Faddeev equations for the bound state andnfdrscat-
+Be(loiX o] o) ([ 7 X 7] 7))} ®) tering. They have the well known forfi23,24

The antisymmetrization operatot; in the space of three =Gt P+ (1+ Got) GoVEH( 1+ P) o, (13
nucleons can be expressed as

in case of the bound state. He¥&t)- is that part of the

(14 P;iPji+ PikPji) (1=Pj) three-nucleon force which singles out one partitiere par-
ijk= 3 > ©  ticle 1) and which is symmetrical under the exchange of the
other two particles. The complete 3NF is decomposed as
Acting with the operatorA;;, on the 3NF in Eq.(8) and VsNF:V(S}\I)FjLV(g’z‘FJFVg?N)F_ (14)

performing a straightforward, but somewhat tedious simpli-
flcatI.OI’l one ends up with a single structure just as in _thﬁiurther,:,// denotes the corresponding Faddeev comportent,
previously considered case. We thus have shown that it i& ihe two-bodyt-operatorG,= 1/(E— Hy) is the free propa-
sufficient to consider only one OPE and one pure Contacéator of three nucleons’ariél is a sum of a cyclical and
term in the chiral 3NF at NNLO, since all other terms have ey clical permutation of the three particles. In case of
due Fo the Pauli principle preqsely the same gffect onShe scattering we follow our by now standard pd26,26 and
mhatnx. In what f%”c’ws’ we will use the following form for  firq cajculate a quantity related to the 8 break-up process
these 3NF contributions: via the Faddeev-type equation:

0a _ 0y . T=tP¢+(1+1tGo) Vi 1+ P)p+tPG,T
VEpe=— — D —(5-7)(0;-q)), .
ifj+k 8F gf+M7 +(1+1Go) VSR 1+ P)G,T, (15)
1 where the initial statep is composed of a deuteron and a
Vg(')“,ﬁ:z E(7- 7m0, (100 momentum eigenstate of the projectile nucleon. The elastic
i#k nd scattering operator is then obtained as
whereD and E are the corresponding LECs from the La- U= PG(§1+ PT+V§}\,)F(1+ P)(1+GgT), (16)

grangian of dimensionA =1:
and the break-up operator via

L£D=_

[F) (NTN)(NToaN)-Var Up=(1+P)T. 17)
1 These equations are accurately solved in momentum space
- EE(NTN)(NTT'\‘)'(NTTN)- (1)  using a partial wave decomposition. For details see
[23,27,28. The corresponding partial wave decomposition of
) ) ) the chiral 3NF is given in the Appendix. Equatiofis3) and
Note that dimensional scaling arguments allow one to eX{15) have to be regularized, since the expressions for the
press the LEC® andE as[21] 3NF (2) and(10) are only meaningful for momenta below a
certain scale. We regularize tvé\F in the way analogous to
o Ce the one adopted in the analysis of the two-nucleon system

D= , E= , 12 9]:
F2ZA, FIA, 12 9]

j VA(p,q;p’,a")— Fr(P.A)V(p,ip’.a ) fr(P'.G"),
wherecp andcg should be numbers of order one ang is (19
the chiral symmetry breaking scale of the order of {he

meson mass. Here and in what follows we udg  wherep andq (p’ andq’) are Jacobi momenta of the two-
=700 MeV. It has been demonstrated[BQ] that all corre- body subsystem and spectator nucleon befafmﬂ the in-

sponding numbers for i contact interactions at NLO and ;araction. The regulator functiohy(p,q) is chosen in the
NNLO are natural for the cutoff values considered. It shoul

also be understood that a more precise analysis of the

naturalness would require also taking into account symmetry 4p2+ 302\ 2
factors in the Lagrangian as well as additional factors result- fa(p,q)=exg — P , (19)
ing from insertions of spin and isospin matridgs]. 4A?
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FIG. 2. Correlation between the LE@g andcp after adjust- FltG' S' nd doublet scattering lengtfia,q as function of the
constantcy .

ment to the triton pseudo-BE.

) ) - bound states appear in loNN partial waves. Although we
so that it coincides with the exponential functit§f**(p) of  could, in principle, further reduce the cutoff range belaw
Ref.[9] forﬁ=0. Clearly, this is not the only possible choice =500 MeV, we refrain from doing that since with our
for that function. The final results for low-energy observableschoice of the regulator function this would significantly af-
are insensitive to the choice of the regulator function profect observables at moderate energies we are interested in.
vided that it does not violate the appropriate symmetriesFor example, théIN potentialV(p,p) is reduced by~25%
Note that the values of the LE@s, andcg “run” with the for p=306 MeV, which corresponds 6,,,~200 MeV due
cutoff A to compensate the changes in the observablesp multiplication with the regulator function withA
which are cutoff independefup to the accuracy at the order =500 MeV. Notice that such a reduction shows up, e.g., in
in the chiral expansion The dependence of the LECs on the high partial waves, where tiematrix is essentially given by
cutoff A is governed by renormalization group equations, asv(p,p). Obviously, for smaller values of the effects of the
is always the case in quantum field theory. We chatsi@ momentum cutoff become even more dramatic, so that one is
the 3NF equal toA in the NN interaction. The following restricted to smaller energies. It would be interesting in the
study has been carried through with the minimal and maxifuture to implement a different regulator function which
mal momentum cutoffsA =500 and 600 MeV, for which would allow for a larger variation oA without such restric-
our NN force has been defined &0]. In choosing the range tions on the range of applicability of the EFT.
of A we follow closely the strategy suggested by Lepage The low-energy constantg, andcg enter the expressions
[29], according to whichA should be large enough to ac- for the chiral 3NF at NNLO. The constaot can only be
count for relevant long-range physi@s our case one- and obtained from 3l data, whilecp can be best determined in
two-pion exchangesFurther, one should still stay below the the 3N system or, for larger momentum transfer, in pion
mass scale associated with the states not included in the EFpFoduction inNN collisions[30]. One important part of this
explicity. To be more specific, the upper boundl  work is to outline a feasible way to fix these parameters. We
=600 MeV results if we require that no unphysical deeplywill now show that the LEC& andcg can be determined

TABLE I. ®H and “He BE at NLO and NNLO of the chiral expansidfor the cutoff range considered
throughout compared to “experimental” pseudo-BEee text. Apart from the BE<E (in MeV), we also give
the kinetic energied (in MeV) as well as expectation values oN2and N forcesVyy andVsy, respec-
tively (in MeV).

°H “He
A E T VN Van E T VN Van
NLO 500 —-854 30.76 —39.30 —29.57 61.42 —91.00
600 —7.53 39.24 -—46.77 —23.87 77.61 —101.47
NNLO 500 -—-8.68 31.07 —39.43 -0.318 —29.51 61.83 —89.59 —1.753
600 —8.68 34.44 —42.41 -0.712 —29.98 7149 —97.44 —4.025
Expt. —8.68 —29.8£0.1
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TABLE II. Contribution of the different terms of the 3NF to the complete 3NF expectation valué-or
and “He. All energies are given in MeV.

°H “He
A cterms D term E term All cterms D term E term All

NNLO 500 —0.39 0.81 -074 -0.32 —2.00 3.93 —-3.69 —1.75
600 —0.73 -0.12 0.13 -0.71 —3.81 -0.84 0.63 —4.03

using the®H BE and thend doublet scattering lengtha,y,  ton binding energy as such an observable. Note that one
which are bona fide low-energy observables. Notice that theould equally well use, e.g., the-particle binding energy or
choice of low-energy observables used to fix the constants ithe differential cross section as the second constraint. We
the 3NF is by no means unique. The contact force in thavill demonstrate below that our way of fixing the LECs is
second line of Eq(10) only contributes to the spin-doublst ~ consistent with the above mentioned observables.

wave. Therefore, ideally one would like to fog from the Since for the time being we have mm andpp forces at
corresponding phase shift. Equivalently, one can require tour disposal(these have been calculated in chiral EFT to
reproduce the scattering length in that channel, analogousiLO so far[31]) and both observables we are interested in
to what is usually done in the two-nucleon sector. It is moreare known to depend on the difference betwe@nandnn
difficult to determine the LEGp, which contributes to all forces, we decided to usep/nn corrected data as input to
partial waves. One possible way to proceed would be to perour fitting procedure. To this aim, we compare results using
form a x? analysis of the low-energy scattering observablesphenomenological forces with the propep andnn forces
Alternatively, one might chose a different low-energy ob-and with anp force only. Several combinations dfN and
servable which is sensitive to the unknown LEC as a secon@N forces have been adjusted to describe the triton(&#e
constraint. We follow here this second path and take the trif32]). We used Av1§33] augmented by the Urbana-IX 3NF

200 F T T T T T O C T T T T T -

E T T T T T d F u T T T T - — -
o il i i A
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= 200 o . 0
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) © ol g ]
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FIG. 4. nd elastic scattering observables at 3 MeV at NU&Ft FIG. 5. nd elastic scattering observables at 10 MeV at N{l&Jt

column and NNLO (right column. The filled circles arend column and NNLO (right column. The filled circles arend
pseudodata based ¢63,64 while the triangles are truad data  pseudodata based §84,66,67 while the triangles are trued data
[65]. The bands correspond to the cutoff variation between 500 anf68]. The bands correspond to the cutoff variation between 500 and
600 MeV. The unit of the cross section is mb/sr. 600 MeV. The unit of the cross section is mb/sr.
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, FIG. 7. Minima of the cross sectiofin mb/sp of elasticnd
[34] and CD-Bonn 200035] augmented by the TM99' 3NF g attering at 3 MeWupper panel 10 MeV (panel in the middlg

[36]. These models come along witi forces, which are  anqg 65 MeV(lower panel at NLO and NNLO. The filled circles are
adjusted to thenn scattering length. Replacing thesen g pseudodata at 3 and 10 MeV and tye data at 65 MeV. The
forces by thenp ones, we find an increased binding energypands correspond to the cutoff variation between 500 and 600 MeV.
of 8.65 and 8.72 MeV, respectively. From those we estimaterhe dotted line at 65 MeV shows the NNLO result with,

a np corrected “experimental” pseudo-BE of 8.68 MeV =-3.0 andA =500 MeV.

[79].

The “experimental” pseudovalue fofa, 4 has been deter- for both cutoff values. FoA =500 MeV the functional form
mined using theNN force CD-Bonn alone. The correspond- turns out to be nearly linear. This is not the case for
ing shift of %a, 4 is —0.19 fm. This together with the experi- =600 MeV. Later on we will demonstrate that this different
mental value 2a,q=0.64+0.04fm leads to the behavior of the correlations for both cutoff values does not
“experimental” pseudovaluéa, 4= 0.45+0.04. It should be show up in observables.
understood that the uncertainty in the estimated pseudovalue One needs a second condition to fix both LECs uniquely.
of the scattering length is even larger due to the error in th@he nd doublet scattering lengtha,q is known to be corre-
shift resulting from replacement of then force by thenp  lated with the®H BE. This correlation is known as the Phil-
one. We however refrain from further discussion of that is-lips line [37]. We investigated it in the context of chiral
sue. nuclear forces. It turns out that the scattering length depends

For the chiral interactions at NNLO two unknown LECs on ¢ even if cg is chosen according to the correlation in
enter into the 3N bound state Faddeev equatignandcg . Fig. 2 with the fixed value for the triton BE. This indicates
Both affect the BE strongly. Imposing the condition that thethat the correlation between the doublet scattering length
Hamiltonian describes the pseudo-BE, we find a correlatiorfa, 4 and the®H BE is not exact. In fact, already for con-
between both LECs, which is displayed in Fig. 2. The un-ventional NN and 3 forces, there was a slight scatter
symmetric interval shown in this figure is a consequence ofround an average line correlating thl and ?a,4 values
the fact that the doublet scattering length favors positive valfor different nuclear forcef80,38. The Phillips line has re-
ues forcp . The correlations have a very different behavior cently been rediscovered within pion-less EBB-41]. At
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FIG. 8. nd break-up cross section in (mb Mé&V¥sr 2) along
the kinematical locusS (in MeV) at 13 MeV in comparison to S [MCV]
predictions at NLO(light shaded bandand NNLO (dark shaded
band in chiral effective field theory. In the upper row a final state |G, 9. nd break-up cross section in (mbMe¥sr2) and
interaction configuration is shown, in the middle one a quasifregyycleon analyzing power along the kinematical lo8u&: MeV) at
scattering configuratiofboth in comparison tpd datg and in the g5 MeV in comparison to predictions at NL@ght shaded band
lower one a space-star configuratiGupper datand, lower data  ang NNLO(dark shaded bandn chiral effective field theory. Sym-

pd). The precise kinematical description can be found in B8].  metric space-star configuration is showsd data are from Ref.
pd data are from Ref.70], nd data from Refs[71,72. [73].

LO and NLO in the pion-less EFT the 3NF is given by a

single contact term without derivatives and thus depends ONotice that the sign of the determined LEG agrees with
jUSt one free parameter. The PhllleS Iine reSUItS from Varia'the one found |r[30] from P-wave pion production in the
tion of this parameter and is in agreement with results basegoton-proton collisions. Note that for comparing our results

upon phenomenological interactions. Going to higher ordergiin the ones 0f30] one should take into account different

in the low-momentum expansion one encounters Contribuzq . entions with respect , . Also it should be understood

tions to the 3NF with more derivatives and the exact corre;

: " “that only a qualitative comparisdif at all) for the value of
lation betweerfa,q and °H BE. observgd at LO and NLQ IS Cp can be performed due to different regularization schemes
broken, se¢40] for more details. As discussed above, in the . .

EFT with explicit pions the first nonvanishing 3NF at NNLO used in our work _and '.'ﬁ30]' We are aware of the fact that
already depends on two free parameters and thus the Phillidge can only obtam a first estimate o andce . The most
line is already broken at this order in the chiral expansion.'rr'F’()rt"’_mt uncertainties are the errors due to ltf[efor_ce
This allows to determine,, (and at the same timez) by a cprrectlons and the experimental error_ba_lrza}ﬂd_. In prin-

fit to the “experimental” pseudodatum for the doublet scat-CiPle the errors due to these uncertainties with respect to
tering length. In Fig. 3 the gray horizontal band indicates the?bservables could be estimated performing calculations with
scattering length range in agreement with the experimentaieveralcp andcg combinations consistent with these error
error bar. Our theoretical predictions foh =500 and bars. In view of upcoming new data fdm,q [42,43 and
600 MeV are shown against, . We read off from Figs. 2 work on the isospin breaking in our formalism, we postpone
and 3 the following values: such an analysis. In summary we emphasize that the break-
down of the Phillips line correlation enables us to determine
the LECs from the Bl BE and thend doublet scattering
length. The result is a parameter frel Blamiltonian. In the
next sections we will investigate the results for ti¢ Bound
cp=1.8, cg=-0.11, A=600 MeV. (200  state and Bl scattering based on this Hamiltonian.

cp=3.6, c=0.37, A=500 MeV,
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nucleon analyzing power along the kinematical lo8u#; MeV) at FIG. 11. nd break-up cross section in (mb MeVsr 2) and
65 MeV in comparison to predictions at NL{Oight shaded band  nucleon analyzing power along the kinematical lo&us MeV) at
and NNLO(dark shaded bandn chiral effective field theory. Sym- 65 MeV in comparison to predictions at NL@ght shaded band
metric forward star configuration is showpd data are from Ref. and NNLO(dark shaded bandn chiral effective field theory. Qua-

S [MeV]

[73]. sifree scattering configuration is showd data are from Ref.73].
IV. PREDICTIONS EOR THREE- AND FOUR-NUCLEON MeV. From these results we estimate an average change of
SYSTEMS the BE of 1.5-0.1 MeV. The experimentat-particle BE is

28.3 MeV. Thus we compare our results for the chiral inter-

We start with the prediction for the-particle BE. This is  action to an “experimental” pseudo-BE of 2%:8.1 MeV.
based on the solution of Yakubovsky equati¢dd] as de- In Table | this value is shown together with the “experi-
scribed in[32,45. The results are fully converged and accu- mental” pseudo-BE for’H in comparison to the NLO and
rate to 2 keV for the Bl and 20 keV for the #l system. The NNLO results for3H and “He. The BE is in general very
convergence with respect to partial waves is much faster fogensitive to small changes of the interaction, as it comes out
the chiral interactions than for the conventional ones. This isis the difference of the large kinetic and potential energies.
a consequence of the momentum cutoffs, which suppress thgs a consequence, we found a rather large dependence of the
high momentum components exponentially. The calculationBEs on the cutoff at NLQ16] (~19% for thea-particle.
of the binding energy for the chiral interactions are truncatedat NNLO the H BE agrees with the “experimental” value
at a two-body total angular momentum in the subsystem oby construction. Because of the strong correlation fahd
Jmax=6 for the N system. For the M system we truncate 4N BEs, known as Tjon-lind46], one can expect a rather
the partial wave decomposition by the restriction that thesmall cutoff dependence of the-particle BE, too. This is
sum of all three angular momentum quantum numbers isndeed the case. However, we would like to mention that

belowIgi=10. Calculations for conventional forces require 3NFs break this correlatiodi82] and we observe e, depen-
Isum= 14 (for details seg32]). dence of then-particle BE(1 MeV change in the rangep

Before we comment on our results for the BEs, we need= — 1.5+ 1.5 for A=500 MeV). We are also very encour-
to define a Coulomb andp correcteda-particle BE. Again, aged by the fact that ther-particle BE for both cutoffs
based on Av18-Urbana-IX and CD-Bon#t TM99’, we cal-  comes out close to the “experimental” value. Note also that
culated BEs for thex-particle of 28.5 MeV and 28.4 MeV. no 4NF contributes at NNLO. Therefore all predictions for
Replacing thepp andnn forces bynp forces and omitting A>3 at NNLO are parameter free.
the Coulomb force, the BEs change to 29.9 MeV and 30.0 Additionally, we list the expectation values of the differ-
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FIG. 12. nd break-up cross section in (mb MeV¥sr?) and  nucleon analyzing power along the kinematical lo8u@ MeV) at
nucleon analyzing power along the kinematical lo8Ug MeV) at 65 MeV in comparison to predictions at NL@ght shaded band
65 MeV in comparison to predictions at NLQight shaded band  and NNLO(dark shaded bandn chiral effective field theory. Col-
and NNLO (dark shaded bandn chiral effective field theory. Qua- linear configuration is showmd data are from Ref.74].
sifree scattering configuration is showsd data are from Ref.73].
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data are shifted upwargand forT,, (data are shifted down-

ent parts of the Hamiltonian in Table I. It is important to wards at angles below 120°), significant effects were found.
realize that those quantities are not observable. We see th@ihe np-force corrections are small for all considered elastic
the relative contributions of theN and 3NF parts are com- scattering observables at 10 MeV and nearly invisible at 65
parable in the Bl and 4N system. We also observe that the MeV. Therefore we refrain from correcting data for this ef-
ratio of NN and 3NFs strongly depends on the cutoff chosenfect. In contrast, there are visible Coulomb corrections nec-
This is elaborated in more detail in Table II, where the 3NFessary at these energies. We are not able to take the Coulomb
expectation value is split in the contribution from ther2 force into account in the I8 continuum. For the Coulomb
exchange ¢ termg, 17 exchange D term) and contact term  corrections we rely on the work of the Pisa collaboration,
(E term). The contributions oD andE term cancel to alarge who can calculate low energy scattering observables based
extent in both nuclei and for both cutoffs. The change in sigron the full AV18 interaction including the Coulomb force
of the E term changing from A=500 MeV to A  [47,48. The difference of these full calculations and calcu-
=600 MeV has to be expected, sincg changes its sign, lations without Coulomb force serves as our estimate of the
too. More surprising is the change in sign for tBeterm.  Coulomb corrections. In the following, gild elastic scatter-
This has to be caused by a qualitatively different action ofing data at 3 MeV and 10 MeV have been corrected by this
the D term operator on the wave functions fok amount. For 65 MeV we did not correct the data assuming
=500 MeV andA =600 MeV. that Coulomb corrections are small except in forward direc-

We now switch to scattering observables. Most of tie 3 tion. For the break-up we refrained from any corrections be-
scattering data have been obtained for pliesystem. In the cause of the lack of reliable theoretical calculations taking
case of scattering the isospin breaking effects in the nucleaghe Coulomb force into account.
force are believed to be of minor importance. We have Thend scattering observables have been studied very in-
checked this assumption explicitly for elastic scattering obtensively using the modern phenomenological interactions
servables using the CD Bonn potential witph andnn and  [25,48. In general, the description of the data by these mod-
with only np forces to evaluate corresponding effects. Onlyels is very good at low energies with a few prominent excep-
in two cases at 3 MeV, namely, fdry, (at forward angles tions. The most famous one entered the literatureAgs
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and NNLO(dark shaded bandn chiral effective field theory. Col-
linear configuration is showrpd data are from Ref.74].
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FIG. 14. nd break-up cross section in (mb MeV¥sr 2) and
nucleon analyzing power along the kinematical lo&us MeV) at
65 MeV in comparison to predictions at NL{Qght shaded band
and NNLO (dark shaded bandn chiral effective field theory. Col-
linear configuration is showrpd data are from Ref.74].

puzzle[49,50, which is related to the fact that this observ- 00k at the cross section minima in Fig. 7. At 3 MeV and 10
able is underpredicted in the maximum by realistic high-MeV we see that NLO and NNLO predictions overlap. The
precision models of the nucleon interactions. In this papefutoff dependence is already small at NLO and nearly van-
we do not compare the new results to traditional ones. Thashes at NNLO. This strong reduction of the cutoff depen-
has been done ifL0] for the NLO and NNLO interactions dence of this observable at NNLO is expected and can easily
without 3NF part. In this case, the NNLO interaction com-be understood. Indeed, at least at low energy the differential
pares quite well to the resuli51] based on the highly accu- cross section is dominated by th&l Swaves. The situation
rate phenomenological forces. In the following we wouldis more interesting at 65 MeV. In the minimum of the cross
like to concentrate on theompleteanalysis at NNLO. section one observes large differences between the NLO and
In Figs. 4, 5, and 6 we show a comparison for few se-NNLO results(also to the incomplete NNLO calculation, see
lected elastic scattering observables at 3, 10, and 65 MeV10]). The cutoff dependence of the NLO results is more
respectively. The left column shows our results for N[52]  visible than at lower energies, and is again strongly reduced
in comparison to the data and the right column the newat NNLO. The NNLO results are in agreement with the data
NNLO results compared to the same data. The bands amxcept for forward directions, which are sensitive to the Cou-
given by the cutoff variation in the range from=500 and lomb force. Note that the improvement at NNLO is not only
A =600 MeV. They may serve as an estimation of the ef-due to the fact that the NNLOR potential leads to a much
fects due to neglected higher order terms in the chiral exparmore accurate description of the data especially at moderate
sion. Since we are not able to vary the cutoff in a muchenergieg10], but also due to the chiral 3NF. This is demon-
larger range for the reasons explained above, a better estimgirated by the dotted line in the lower panel of Fig. 7, which
tion of the theoretical uncertainty would be to incorporate thecorresponds tep = —3.0 atA =500 MeV (and acg chosen
N3LO terms and to see effects in observables by varying th@ppropriately to reproduce theN3binding energy[81]. For
corresponding coupling constants in the natural range. Wehis value ofcp the prediction in the minimum is in disagree-
however refrain from doing such a study here. ment with the data. It is gratifying to see that fixing the LEC
The differential cross section is presented in the first roncp from the scattering data at zero energy we are able to
of Figs. 4, 5, and 6. Additionally, we give a more detailed describe the cross section minimum at 65 MeV. We consider
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FIG. 16. nd break-up cross section in (mb M&¥sr2) and FIG. 17. nd break-up cross section in (mbMeVsr?) and

nucleon analyzing power along the kinematical lo8u@ MeV) at ~ hucleon analyzing power along the kinematical lo&us MeV) at

65 MeV in comparison to predictions at NL@ight shaded band 65 MeV in comparison to predictions at NLight shaded band
and NNLO (dark shaded bandn chiral effective field theory. Col- and NNLO (dark shaded bandn chiral effective field theory. Un-
linear configuration is showmpd data are from Ref.74]. specific configuration is showipd data are from Ref.75].

this to be an important indication of consistency in the de-to stress that in principle, one could try to solve this puzzle
termination of the LECgp andcg. by the NNLO chiral 3NF. Indeed, instead of fixing the un-
As already pointed out before, the most problematic obknown LECscp andcg to the triton binding energy and the
servable ohd elastic scattering i8,,, which is shown in the doublet scattering length, one could think about requiring a
second row of Figs. 4, 5, and 6. First of all we would like to good description ofA, at, say, 3 MeV as being one of the
stress that vector and tensor analyzing powers are defined tgo conditions needed. We found, however, tAgtis not
differences of polarized cross sections and are rather small sery sensitive to the choice of the LECg andcg, if the
low energies, so that larger theoretical errors for these obiwo are adjusted to reproduce the triton binding energy. We
servables have to be expected. At energies 3 and 10 MeV waere not able to find values of these coefficients in the natu-
see visible deviations of our predictions &y from the data  ral range, which would simultaneously descrigeat 3 MeV
for both NLO and NNLO. It is well knowr[53] that this and the triton BE82]. In particular, it turns out that negative
observable is extremely sensitive to tH®-wave phase values ofcy (cg being fixed according to Fig.)dead to a
shifts in theNN system. Although at NLO chiral predictions slight improvement forA, . For example, aE,=3 MeV
at 3 MeV seem to be in agreement with the data, this cannatne observes a shift in the maximum Ag by +2.6% for
be considered as a final result in chiral EFT. Indeed, thep=—3 andA =500 MeV compared to the result obtained
3p-wave phase shifts in tHeN system are only described at without 3NF of theD andE types, and which still deviates
low energies with an accuracy of about §%0], which in-  from the data by more than 10%. Taking larger negative
dicates that large correctionsna A, at higher orders in the values ofcp does not lead to further significant improve-
chiral expansion are possible. At NNLO tfi@-wave phase ment. Note also that such negative values of the IdgGre
shifts come out with a significantly smaller error of about 2%inconsistent with the data for thed doublet scattering
(at T,=10 MeV) and we found if10] thatA, is underpre-  length, a-particle binding energy as well as for the differen-
dicted if one only uses theN forces, just as in the case of tial cross section at moderate energies. This significant dis-
high-precision potential models. As one sees from Figs. 4agreement with the data fak, at low energies may be an
and 5, we do not solve th&, puzzle performing the com- indication that higher order effects are still important for this
plete NNLO analysis and including the 3NF. It is important observable. On the other hand, it can be also a hint that the
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FIG. 18. nd break-up cross section in (mb MeVsr2) and FIG. 19. nd break-up cross section in (mb MeVsr ?) and

nucleon analyzing power along the kinematical lo8u# MeV) at nucleon analyzing power along the kinematical lo8ug MeV) at

65 MeV in comparison to predictions at NL@ght shaded band 65 MeV in comparison to predictions at NLdight shaded band
and NNLO (dark shaded bandn chiral effective field theory. Un- @nd NNLO (dark shaded bandn chiral effective field theory. Un-
specific configuration is showipd data are from Ref.75]. specific configuration is showmp.d data are from Ref.75].

A, puzzle is related to an insufficient knowledge of the low-pd data exist. As already pointed out above, there are no
energy3Pj NN phaseg54]. It will be interesting, as a next reliable Coulomb corrections available for the break up.
step, to include Ihy corrections to the interactions and to Therefore we show the noncorrectpd data in comparison
study their effect especially of, . At 65 MeV the decription  to ournd calculations. Note that for the space star configu-
of A, is much better, which is in agreement with resultsration at 13 MeV presented in Fig. 8, it is shown that tfte
based upon the phenomenological nuclear forces. and pd cross section data strongly deviate indicating that
The lower three rows of Figs. 4, 5, and 6 show the tensoCoulomb effects can become important at least in some con-
analyzing powerd 5, Ty, andT,,. At 3 MeV and 10 MeV, figurations. Presumably, the Coulomb corrections are smaller
we find in general that the NNLO predictions stay within theat 65 MeV.
NLO band. The cutoff dependence clearly shrinks, whichisa At 13 MeV we demonstrate in Fig. 8 chiral predictions for
good indication of convergence of the chiral expansion. Al-the cross section in the often investigated final-state interac-
together the agreement with the data is good excepTfgr tion peak, quasifree scattering and space-star configurations,
andT,; at 10 MeV[83]. Notice that similar results have been which have also been considered in the NLO analf/s8.
reported in55] based upon the combination of the AV18 2N For a general discussion on various break-up observables
and the Urbana IX 3N forces, where these observables havand configurations the reader is referred to R@6]. As
been calculated in thed system and the Coulomb force has demonstrated in Fig. 8, the NLO and NNLO results essen-
been taken into account. At 65 MeV, the situation is compatially agree at 13 MeV. They describe the configuration
rable to the one for the cross section. While the NLO predicdominated by FSI peaks quite wélbr a more detailed com-
tions at this energy deviate significantly from the data, theparison the angular openings of the detectors have to be
NNLO results are in a much better agreement. Unfortunatelytaken into account, sef25]). The present theory for the
the quality of the data does not allow to draw more preciséreak-up configuration including a QFS geometry fails in the
conclusions and especially here new high-precision data argentral maximum. This might be due to Coulomb force ef-
needed. fects. The third configuration, the so-called space-star, is one
Let us now switch to break-up observables. We performeaf the long standing puzzles ofNBscatterind56—64. Simi-
calculations at two energies, 13 and 65 MeV, where a lot ofar to results with phenomenological interactions, we
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even fail to describe thad data.pd andnd data are quite 0.05 — — T I
different and it remains open whether Coulomb corrected N9 6,=20°, 0,=116.2°, ¢,,=0°
data would fall on the theory. We obser\@5] the tendency "UN 0.04 —
that with conventionalNN forces theory is already rather

close to thepd data at 19 MeV and even closer at 65 MeV. = 003
This suggests that presumably the discrepanqydalata is —

due to Coulomb force effects.

At 65 MeV we decided to present the results for the same T3 o
configurations as the ones studied recently in the context o © 001
phenomenological nuclear forcgs6,57] in order to enablea " )
direct comparison between these two different approaches o
We follow the lines 0f56,57] and include, in addition to the 0
cross section, alsé, . The situation at 65 MeV seems in
general to be very promising as documented in Figs. 9-20 0.45

The improvements in the description of the data in going
from NLO to NNLO are quite impressive. It is interesting
that sometimes in case 8f, the band width at NNLO is still
relatively large, which indicates that this observable might
get significant corrections at higher orders. In Figs. 11 and 1€ _> 015
we fail to describe the cross section in part of eange. < '
The reason is not known to us. These observables als:

change visibly, when going from NLO to NNLO. Here we 0
cannot claim that convergence with respect to the chiral ex-

pansion is reached at NNLO. For one of the configurations

0.3

(see Fig. 14 the step forA, going from NLO to NNLO is 015 2|0 ' 2|5 ' 3|0 ' 3|5 ' 4|0 5
dramatic and better data would be very welcome. Finally we

point to two more cases in Figs. 13 and 14, where the banc S [MeV]

width in the cross section shrinks nicely going to NNLO and

where the agreement with the data is quite good. FIG. 20. nd break-up cross section in (mb MeV¥sr 2) and

In view of the quite good description of the Nd elastic andnucleon analyzing power along the kinematical o8& MeV) at
break up data at 65 MeV at NNLO and of the good descrip-65 MeV in comparison to predictions at NLQght shaded band
tion of the NN data up to 200 MeV, we are optimistic and and NNLO (dark shaded bandn chiral effective field theory. Un-
expect to be able to describe the data at NNLO in the energgpecific configuration is showpd data are from Ref.75].
regime towards 100 MeV. From investigations based on phe-
nomenological interactior{$1,56, we expect that there 3NF yes chosen in this work are in a reasonable range.
effects become clearly visible at these higher energies. In we showed that the obtained parameter-free Hamiltonian
addition, observables at these energies will probably be mongads to a good description of theparticle BE. The theory
sensitive to the structure of thé\Sinteraction. For example, thus seems to be applicable to this densely bound system. It
the sensitivity of the cross section minimum to the value ofyj|| pe interesting to apply the I8 Hamiltonian to light nu-
Cp observed at 65 MeV is expected to be magnified at highegje;, e.g., using the no-core shell model technifi&,62.
energies. Therefore we call for more data at intermediate Qverall we observe a good description of the data at
energies, which could be compared to predictions of chiraNNLO. Most of the low energy elastic scattering désh 3
EFT. Notice also that the existence of such high-quality dataynd 10 MeV} are described at both orders NLO and NNLO
will be of a crucial importance for hlgher order Calculations, Showing convergence of the chiral expansion and agreement
where more parameters in the 3NF will have to be fixed fromyjth the dataA, turns out to be a problematic observable as
the data and a better accuracy in the theory will be reacheghere is still no agreement with the data and the predictions
for NLO and NNLO disagree. Whether this will be cured by
V. SUMMARY AND CONCLUSIONS 1/m corrections has to be studied in a forthcoming paper.
At 65 MeV the situation is also very promising. In gen-
In summary we applied for the first time the complete eral, we observe that the NNLO predictions move towards or
chiral EFT interaction at NNLO to theNs and 4N bound  onto the data, while the NLO results deviate significantly
states and to N scattering. We reexamined the 3NF of the from the data. In Ref.10] we found that the NNLO interac-
chiral interaction at NNLO and used antisymmetrization totion can describe thaIN phase shifts up to energies of 200
eliminate all parameters except two. We showed that thes®leV neutron lab energy. Here we see that the extension of
two parameters can be determined from #eBE and the the energy range going to NNLO for the two-body system is
%a, 4 Scattering length. For the time being the accuracy of thecontinued in the few-body systems.
scattering length is not sufficient to perform a very precise This study was based on the systematic expansion of the
determination of these two parameters. However, the favomuclear force according to chiral perturbation theory applied
able description ohd scattering data indicates that the val- to the NN potential. We emphasize that the favorable agree-
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ment with the data, the stability of our predictions whenpaper has been written. This work has been partially sup-
going from NLO to NNLO, observed in most cases, as wellported by the Deutsche Forschungsgemeinsaliat,), the

as the decreased cutoff dependence of the NNLO results id.S. National Science Foundation under Grant No. PHY-
dicate consistency of our calculations. Newl data in the 0070858(A.N.) and the Polish Committee for Scientific Re-
energy range between 65 MeV and 100 MeV are highly welsearch under Grant No. 2P03B028t8W.). The numerical
come and would allow to draw quantitative conclusions oncalculations have been performed on the Cray T3E and Cray
the range of validity of the NNLO approximation as well as SV1 of the NIC, Jlich, Germany.

to probe the spin structure of the leading 3NF. Such data

would also be of a crucial importance for extending the APPENDIX: PARTIAL WAVE DECOMPOSITION
analysis to higher orders. OF THE CHIRAL 3NE

In the next steps, we have to take into account the isospin ) o )
breaking of the nuclear force. Together with upcoming new Here, we give the explicit formula for the partial wave
data for the doublend scattering length a much more accu- decomposition of the chiral 3NF. Since the partial wave de-

rate determination of the 3NF parameters will then be pos¢omposition of the TPE 3NF is already discussed, e.g., in
sible. [28], we only concentrate here on the remaining contribu-

tions to the NNLO 3NF due to the OPE and contact term in
ACKNOWLEDGMENTS Eg. (10). In [17] the corresponding p{:\rtial wave decomposi-
tions were more involved than what is needed here since the
We are very thankful to Alejandro Kievsky for supplying contact terms were expanded by heavy meson propagators.

the pd scattering observables based on A¥&bana IX  For general details on the partial wave decomposition in the
and to Jacek Golak for checking the partial wave decompo3N system the reader is referred to RE23]. As already
sition of the 3NF and for the help in numerical problems.pointed out before, we usually decompose 3NFs into three
E.E. and A.N. would like to thank the hospitality of the Sci- parts according to Eq14). In the following we give expres-
ence Center in Benasque, Spain, where a large part of thisions for one such pak$).. For the OPE term we find

i P! ngA ! !
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|
where nucleoni with respect to the paiik, respectivelyl andx (I’
and\') denote the initialfinal) relative orbital angular mo-
1 Q? menta within the paiik, j,k#i, and between the nucledn
Okk, = ﬁldx Pk(X)W- (A2)  with respect to the paijk. The initial (final) spin of the

subsystenjk, j,k#i, is denoted by (s’). In addition,l and
. s (I" ands’) are coupled to the total subsystem angular mo-
Here Q=+q°+q’'“—2qq'x and P,(x) is a Legendre poly- mentumj (j’), and\ (\') ands,=% to the total spectator

nomial. Further,p and q (p’ and q’) are relative initial angular momentunh (1'), which finally combine taJ (J')
(final) Jacobi momenta in the pajk, j,k#i, and of the accompanied byM (M'). The total isospin quantum num-
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bers TM; (T'M3) are constructed

nient abbreviation
f=21+1. (A3)

For the contact term in the second line of E§0) we find

analogously:
[(t3)TM7) (J(t'3)T'M1')). We also introduced a conve-
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