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1. Introduction

In a recent paper [1] we proposed a chiral non-relativistic EFT whricluded two dibaryon
fields [2] as a fundamental degrees of freedom. This EFT, which wiliroplg referred as NNEFT
in this paper, is renormalizable and has simple counting rules when dimenségudarization
(DR) and minimal subtraction (MS) scheme are used. The nucleon-nustatiering amplitudes
in the 1S and3S; channels were calculated at NLO and a good description of data achieved
the 0— 50MeV energy range. We report here on a calculation @ which was carried out
in [3], in order to see if the good description of data persists and checkatmergence of the
EFT. This is in fact mandatory in view of the fact that the so called KSW ard4, 5] also
produced a good description of data at NLO, but turned out to haved a&dravergence in the
33, at N°LO [6, 7]. We will restrict ourselves to an energy rari§esuch thate < my, the pion
mass, ang = /myE ~ my. Pion fields can then be integrated out leading to an EFT, which was
already described in [1], which we will call potential NNEFT (pNNEFT@rp ~ my this EFT
will already be suitable to carry out the calculations of the amplitudespl{pf/\ﬁ: however it will
be convenient to integrated out nucleon fields witk m; and use the so called pionless NNEFT
(7NNEFT). All matching calculations will be done expanding the low energy anemtum scales
in the integrals and using dimensional regularization to regulate any possibtivergence and
minimal subtraction scheme. Local field redefinitions which respect thetioguwill be used to
get ride off redundant operators, rather than using the on-sheditemm

2. The nucleon-nucleon chiral effective theory with dibarya fields

Our starting point is the effective theory for tNe=2 sector of QCD for energies much smaller
than/A (about 2ny, my being the nucleon mass) recently proposed in [1]. The distinct feature of
this EFT is that in addition to the usual degrees of freedom for a NNEFTyheamely nucleons
and pions, two dibaryon fields, an isovectDg) with quantum numbersy, and an isoscalaﬁv)
with quantum numberdS, are also included. Sincey ~ Ay, a non-relativistic formulation of
the nucleon fields is convenient [8]. Chiral symmetry, and its breakingaltiee quark masses in
QCD, constrain the possible interactions of the nucleons and dibaryos Vi the pions. The
Ns = 0 andNg = 1 sectors are the usual ones. We will need only the LO lagrangian MNgtheO
sector and up to the NLO lagrangian in the = 1 sector.

The Ng = 2 sector consist of terms with (local) two nucleon interactions, dibaryods an
dibaryon-nucleon interactions. The terms with two nucleon interactions earrboved by lo-
cal field redefinitions [9] and will not be further considered. The LOnemwith dibaryon fields
and no nucleons in the rest frame of the dibaryons read,

Lop) = %Tr D! (~ido+ 8, ) Ds| + B (~id0+ 85, ) B, (2.1)

whereDs = D21, andd},, i = s,v are the dibaryon residual masses, which must be much smaller
than Ay, otherwise the dibaryon should have been integrated out as the remagésimgances
have. The covariant derivative for the scalar (isovector) dibafigbthis defined aslgDs = doDs+
%[[u,aou},Ds]. The NLO pion-dibaryon lagrangian
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L) =51 Tr[Ds(us? Tu+ u'.zu")D]] + ;Tr[DI (u#Tu+u.z7u")Dg+
+ s3Tr[D{Dsuguo] + s4Tr[DIDsuiui] + ssTr[D{ugDsuo] + ssTr[DIuiDsui ]+

. Lo Y o (2.2)
+vi1 Dy - ByTr{ut.zu’ + u.z"u) + voD - Dy Tr[uoug] 4 vaDy - Dy Tr[ujui]+
+v (DD} + D'D) Tr[uuj],
s ~1/Ay,i=1,.,6 andvj, j =1,..,4 are low energy constants (LEC). The dibaryon-nucleon
interactions will also be needed at NLO. They read
A
L0 _ As (N'027212N")Dsa + = (NT 02127°N)D] , +
V2 V2 ’ 2.3)
A 2o on R A T2 oo i '
4+ —=(N'1°00“N")-Dy+ —=(N '1°0°0GN) -D,,
\ﬁ( ) v \@( ) \%
N0) _ Bs (1 520ar202N) D, + E(NTozrzraDzN)D;aJr BY (NT126622N") - Byt
V2 V2 V2
+ﬂ(NTrzozamzN)-6$+E/V(DiNTrzaiazij*)D¢+ i’(Dir\ﬁrzozoimjN)Dy,
V2 V2 V2

(2.4)

with As, Ay ~ A2, B, By, B, ~ 1/A,.

3. Dibaryon propagator and counting
The tree level dibaryon propagator expressidn-E + &), —in) gets an important contribu-
tion to the self-energy due to the interaction with the nucleons as discussHd in [
i

R N

s

i=syv, (3.1)

which is always parametrically larger than the enelgy The size of the residual mass can be
extracted computing the LO amplitude using the propagator (3.1) and matchingstiieto the
effective range expansion,

S ﬁr i=sV (3.2)

ma Ay
whereg; are the scattering lengths of th& and®S; channels respectively. As a consequence the
full propagator can be expanded. Moreover equation (3.1) implies thatilttaryon field should
not be integrated out unlegs< &y, , instead oE < &, as the tree level expression suggests. Since
o S Aﬁ;’ it should also be kept as an explicit degree of freedom in the so G@N&EFT. The LO
expression for the dibaryon field propagator becomep form; (ONNEFT),
m

AZmyp

i =85V, (3.3)
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Figure 1: (a) and (b) are orde!b(mfr/z//\f/z) contributions to the dibaryon residual mass. (a) These tfisFams sum up zero by

Wigner symmetry. (b) Wigner symmetry is violated by insertioh$(e-E + &y ). Naively we would expect these diagrams to be of
higher orderD(m,ST/Z//\)S/z), but the energy term is enhanced by the radiation pion up(m%[/A)z(). Hence the cross in this diagram
stands only for an insertion of the energy. (c) Or@ém%/A%) contributions to the dibaryon residual mass, only the diagrevith the

potential pion inside the radiation pion loop contribut). Kl“LO contribution to the dibaryon-nucleon vertex.

m2
and forp < Ay (7INNEFT),
o
&, +iAmE

m

i =sV. (3.4)

The expanded terms will be taken into account through an effectivexyevtech we will denote
with a cross in the dibaryon propagator. Higher order terms in this expamsibbe equivalent
to multiple insertions of this vertex. Furthermore for> &/, the LO Lagrangian becomes both
scale andSU(4) (spin-flavor Wigner symmetric) invariant, if the interactions with pions are ne-
glected [10]. Note also that the pNNEFT propagator is suppressedry A, factor respect to
the INNEFT propagator.

Except for the above mentioned contributions to the self-energy of theydibdields, which
become LO, the calculation can be organized perturbatively in powerd\gf. Hence one expects
that any UV divergence arising in higher order calculations will be diebm a low energy con-
stant of a higher dimensional operator built out of hucleon, dibarydrpéon fields (note that the
linear divergence in the self-energy can be absorbe,in

4. Matching to pNNEFT

For energiek ~ m,ZT//\X < my, the pion fields can be integrated out. This integration produces
nucleon-nucleon potentials and redefinitions of low energy constantsvilellow the strategy
of [11], which was inspired in the formalism developed in [12].

The dibaryon residual masses get contributions from (2.2) and higheediagrams involving
radiation pions, like the ones in fig.1b and fig.1c,

5,-”5:5rlns+4r’ﬂq(31+52)+4A§2<Zg§;2r)2(m2rr?n)3+(;{%%)I;f; (4.1)

O, = 5,;N+4nhvl+4A52(§;2})2(mZ:">3+ (fé)g%

Note that because @f, < Aﬁ; the quark mass dependencegf is a leading order effect.

The dibaryon-nucleon vertices may in principle @m,%//\)z() from a pion loop, but they turn
out to vanish, except for those which reduce to iterations of the OPE tdteshich will already
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LO >=< N2LO :>:<
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Figure 2: Diagrams contributing to th¥s and3S,; partial wave amplitudes.

be included in the calculations in pPNNEFT and must not be considered in th@ingtd here is
however a two loop contribution of this order involving radiation pions froendtagram in fig.1d.

2
A A (1_4 (m;;z) (4.2)

In the Ng = 1 sector the nucleon mass is redefined by a fagtag, however it can be reshuffled
into &y, by local field redefinitions. The dibaryon-nucleon interactions remainaheesas in (2.3),
except for the values of th which get modified.

Finally, in theNg = 2 sector, two nucleon non-local interactions (potentials) due to the one
pion exchange are introduced. This is the well known one pion exch@mRE) potential.

AN :;/d3I’NTO'anN(X1)VaB;pU(X1—XQ)NTUBTUN(XZ), (4.3)
with,
2 3
B __%/ d*d A <po_ig(u—%)
VaB,pU(Xl Xz)— Zf% (27_[)3 q2+rn%6 e . (4.4)

5. Matching to iINNEFT

Forp < Aﬁ; the calculation must be organized in a different way. This is very much fdetita
if we integrate out nucleon three momenta of the ordemgffirst, which leads to the so called
pionless nucleon-nucleon EFT. The Lagrangian ofNge= 1 sector of this theory remains the
same as in pPNNEFT. For thds = 2 sector the only formal difference from pNNEFT is that the
non-local potentials (4.3) become local and can be organized in poWegr?w?. Diagrams in
Fig.2 containing one (or two) potential pion inside a nucleon bubble will cartito the dibaryon
time derivative term as well as the dibaryon residual mass. Contribution® tditbaryon time
derivative can be reabsorbed by field redefinitions of dibaryon fielttile contributions to the
residual mass simply redefine it. The derivative and non-derivativaryiin-nucleon vertex get
contributions from diagrams containing one (or two) potential pion in the yidsanucleon vertex,
redefining the LEGB; andA;. Analogous diagrams involving three potential pion, not shown in
this paper, will also analogously contribute to the matching. The OPE potenfi@inbecomes
O(p?/m&A%) and hence beyond¥MO in the p < my region.
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NLO *_* >=<

N°LO = NLO T
o~ 3>~ o
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Figure 3: Diagrams contributing to the mixing ampifigure 4: Diagrams contributing to théD; partial

tude. wave amplitude.
As (Mev D) T 3, (MeV) A, Mev ) T &m, (MeV) [ B{/A, (MeV—?)
p < M2/ Ay 0.0243 151 p< M2 /Ay 0.0265 7.68
m NLO 0.0302 —2.25 m NLO 0.0359 134 124e—-6
P~Mr N7 o 0.0251 —105 P~ 7o 0.0110 453
Table 1: Parameters for th&, channel. Table 2: Parameters for th&s; —3 D4 channel.

6. Thels channel

ThelSy amplitude is computed from the diagrams in Fig.2 [3]. The phase shifts are piotted
Fig.5 and Fig.6 and correspond in the 0-5MeV range toftN&lEFT and in the 5-50MeV range
to pNNEFT. Parameters have been fit to phase shift data, in the 0-5Mg)é ia the case of the
FNNEFT and to 5-20MeV range in the case of the pNNEFT. The reasoimdvéine election to
fit the pNNEFT to the 5-20MeV data range instead of the more natural %e508&ta range is
that the former delivers a more smoother joining betweeryitkREFT and the pNNEFT curves.
Furthermore the convergence behavior is emphasized. Error bamdspmnd to the size of the
next order in the phase shift series.

Both As and &y, receive NLO corrections when matching from NNEFT to pNNEFT. If the
whole expressions foks and &y, were to be used in the?O amplitude, higher order terms will
be introduced. Therefore we will differentiate betwaBfiO(AY-0) andg) -0 (AY*-) and we will
plug them ind>N“LO and 3SNLO respectively. The values of this parameters have been obtained by
minimizing the sum of the;2 functions associated @N-C anddN’L°, with the errors given by the
size of the next order in the phase shift series(hg/A,)? and(my/A, )® respectively).

The AINNEFT amplitude expressions foPNO (i.e. NLO in the pNNEFT counting) and¥O
(i.e. N°LO in the pNNEFT) are formally identical, however theoretical errors amaller in the
later. The only diagrams involved are the tree level one (LO) and the treleddt an insertion of
a cross (NLO and RLO). The iINNEFT phase shift have been fitted independently of pNNEFT.
Results for thé S channel parameters are summarized in Table 1.

7. The3S;-3D4 channel

The3S, amplitude is computed from the diagrams in Fig.2 [3], the mixing amplitude from the
diagrams in Fig.3, and th#, amplitude from the diagrams in Fig.4. TA®, and®D; phase shifts
are plotted in Fig.7, Fig.8 and Fig.10 respectively. The mixing angle is plotted i0.Fig this
section we analyzéS;-3D; channel. We compare th&; and3D; phase shifts to data as well as
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Figure 5: Plot of the NLO expression for tHe phase shift. The
blue line shows the Nijmegen data for th& phase shift, while the
red line corresponds to the fit of our expression.
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Figure 7: Plot of the NLO expression for th; phase shift. The
blue line shows the Nijmegen data for #® phase shift, while the
red line corresponds to the fit of our expression.
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Figure 9: Plot of the mixing angle. The blue line shows the Ni-
jmegen data, the green and red lines the NLO afidNexpression
respectively.

] 10 20 30 40 ‘\!;0 EeV)

Figure 6: Plot of the NLO expression for théS phase shift.
As in the previous figure the blue line shows the Nijmegen data f
thelS phase shift.
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Figure 8: Plot of the NLO expression for théS; phase shift.
The blue curve is the Nijmegen data for t#® phase shift, while
red line corresponds to ourPNO expression.
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Figure 10: Plot of the®D; phase shift. The blue line shows the
Nijmegen data, the green and red lines the NLO aRdMlexpres-
sion respectively.

the mixing angle. The fitting procedure is analogous to the one used fé&ilohannel. However
in this channel we have minimized the sum of fhfunctions associated t3“NLO and gN’L©
obtaining the values of!"°,5N'C andB(/A,. If we add thex? function associated t5“N"1° the
minimization would not converge. Hen@d-© and §N°© have been obtained in a separated fit
plugging in the values for the NLO parameters from the firstfit-©, 5 PrNLO and, §°P1NLO g
not contain free parameters. Toe: plotted correspond in the 0-5MeV range to #ileNEFT and

in the 5-50MeV range to pNNEFT, th& D1 and e plotted correspond to pNNEFT in the whole
range. Results for th&s;-3D; channel parameters are summarized in Table 2.

8. Conclusions

We have calculated the nucleon-nucleon scattering amplitudes for engemgadier than the pion
mass in théS, and the3S;-2D1 channels at RLO in a chiral effective field theory which contains
dibaryon fields as fundamental degrees of freedom. The large scgttenigths in the'S and
the 3S; channels force the dibaryon residual masses to be much smaller than thegsen We
organize the calculation in a sequence of effective theories, whichotaaed by sequentially in-
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tegrating out higher energy and momentum scales. We first integrateerglyestales of the order
of the pion mass. This leads to an effective theory with dibaryon and nuéikelds, pNNEFT. The
latter interact through potentials. For three momenta of the order of the pia thasscattering
amplitudes are calculated in this effective theory. For three momenta much sthahldhe pion
mass, it is convenient to further integrate out three momenta of the ordemofass, which leads
to the so called pionless NNEFT, and carry out the calculations in the lattiétirgthe calcula-
tion in this way we can take advantage of the modern techniques of the tliresipansions and
dimensional regularization so that all integrals only depend on a single Sdaee is no need to
introduce a PDS scheme. The technical complexity of tReONcalculation is similar to the one
in the KSW scheme, but our final expressions are simpler [3]. The nuaheeisults for the phase
shifts and mixing angle are also similar to the KSW ones. Hence a good desciptibe 1S,
channel is obtained up to center of mass energies of ab®¢@5but for the>S;-3D; channel our
results fail to describe data much before: for #8e phase shift and the mixing angle comparison
with data becomes bad beyondM&V., and for the’D; phase shift it is never good. Particularly
worrying is the fact that for théS, and the>D; phase shift the RLO calculation compares worse
to data than the NLO one. The reasons of this failure can be traced baekiterdtion of the OPE
potential, the first RLO diagram in Fig.2, which gives a very large contribution.
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