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Effective field theory with dibaryon degrees of freedom
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We propose a low energy effective field theory of QCD at the scale of pion mass for the Ny = 2 sector, Ng
being the baryon number, which contains two dibaryon fields in addition to the nucleons and pions. It has a
well-defined counting is renormalizable, and the nucleon-nucleon scattering amplitudes are manifestly unitary
at leading order. We work out a lower energy effective theory for nucleons with energy much lower than the
pion mass and three-momentum comparable to it, which also has a well-defined counting and is renormalizable.
The dibaryon fields must also be kept as explicit degrees of freedom in this theory. We calculate the scattering
amplitudes at next-to-leading order for the 1S, and 3S; channels in this framework and obtain an excellent
description of the phase shifts for center-of-mass energies in the 0-50 MeV range.
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I. INTRODUCTION

Since the original suggestion by Weinberg [1] that nuclear
forces could be understood within the framework of effective
field theories (EFTs) there has been an enormous development
of the subject (see Refs. [2-5] for recent reviews). A key
ingredient of the EFT formalism is that the cutoff dependence
that is introduced to smooth out ultraviolet (UV) singularities
can be absorbed by suitable counterterms, and hence any
dependence on physical scales much higher than the ones of the
problem at hand can be encoded in a few (unknown) constants.
To achieve this in a systematic manner, counting rules are also
necessary.

Weinberg’s suggestion consisted of two steps. The first
one was to calculate the nucleon-nucleon (NN) potentials
order by order in chiral perturbation theory (xPT) from the
heavy baryon chiral Lagrangian (HBxL) [6]. The second
one was to introduce the potentials thus obtained in a
Lippmann-Schwinger (LS) equation. There is no doubt that
the first step can be carried out within an EFT framework: the
renormalized N N potentials are known at leading order (LO),
next-to-leading order (NLO), next-to-next-to-leading order
(NNLO) [7,8], and next-to-next-to-next-to-leading order [9],
and isospin breaking terms have also been taken care of [10].
These potentials have been evaluated using static propagators
for the nucleon fields. The use of nonrelativistic propagators
gives additional contributions starting at two loops, the leading
orders of which have been evaluated in Ref. [11]. The second
step, however, is delicate. The potentials obtained in the first
step are increasingly singular at short distances as we raise
the order of xPT at which they are calculated. Hence the
introduction of a regulator in the LS equation is compulsory.
If a finite cutoff is accepted and allowed to move between a
certain range, a very successful description of the phase shifts
in different partial waves is achieved within this approach
[7,8,12]. Nevertheless, even with the LO potential, it is not
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clear that the scattering amplitude thus obtained is cutoff
independent. An alternative to Weinberg’s approach, which
was free from renormalization problems, was proposed by
Kaplan, Savage, and Wise (KSW) [13,14]. The key ingredient
was to assume that contact interactions are enhanced with
respect to the standard chiral counting. However, when the
N N scattering amplitudes were worked out in this approach at
NNLO, abad convergence of the series was observed, specially
in the 3S; channel [15]. Since then, many proposals have been
put forward [16—42]. For instance, in Ref. [17] it is claimed
that the renormalization program can actually be carried out
in the Weinberg approach at LO if the potential is expanded
about the chiral limit. However, the removal of the cutoff in
this approach requires unconventional flows and additional
counterterms for higher partial waves [16].

Here we elaborate on the idea that the difficulties encoun-
tered so far in constructing a consistent and useful nucleon-
nucleon effective field theory (NNEFT) may be a consequence
of a misidentification of the low energy degrees of freedom.
We will assume the NNEFT for energy and momentum scales
much lower than A, contains two dibaryon fields as explicit
degrees of freedom, with energy gaps (residual masses) of
the order of or smaller than the pion mass. If the dibaryon
fields are naively integrated out, one gets the enhanced contact
interactions of the KSW approach. We will argue that they
must be kept as explicit degrees of freedom.

The relation between dibaryon fields and the KSW ap-
proach was noted early [43]. Dibaryon fields have also been
used in EFT formulations of the three-body problem (see
Refs. [44-46] and references there in). However, they have
mostly been regarded as a convenient trick to carry out
calculations (see, for instance, Ref. [47]). What is new in
our approach is the assumption that they must be included
as explicit degrees in the NNEFT.! They cannot be integrated
out if one wants to keep a natural counting. For a fundamental

'In a model dependent framework, the inclusion of dibaryon fields
as explicit degrees of freedom has already been advocated by some
authors [48-52].
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field theory, their introduction should be irrelevant, since one
can build the appropriate quantum numbers of the dibaryon
out of the nucleon fields, and their inclusion does not affect
the symmetries of the theory. For an effective theory, however,
where calculations are necessarily organized in ratios of scales,
it is extremely important to keep the appropriate degrees of
freedom in the Lagrangian, even if they may appear redundant
at first sight. We hope this will be illustrated in the paper with
sufficient detail.

We will organize the paper as follows. In the next section,
we introduce the NNEFT with dibaryon fields and discuss
how the calculations must be organized. In Sec. III, we match
it to a lower energy effective theory for energies smaller than
the pion mass and momenta comparable to it. In Sec. IV, we
calculate the NN amplitudes at NLO. In Sec. V, we extract
the low energy constants from data. In Sec. VI, we critically
examine the output of the previous section and propose new
counting rules. In Sec. VII, we discuss our results, and
Sec. VIII is devoted to the conclusions.

II. NUCLEON-NUCLEON CHIRAL EFFECTIVE THEORY
WITH DIBARYON FIELDS

We will consider an effective theory for the Ny = 2 sector
of QCD for energies much smaller than A, about 2my, with
my being the nucleon mass. The usual degrees of freedom for
such a theory, namely, nucleons and pions, will be augmented
by the inclusion of two dibaryon fields: an isovector one
(D{) with quantum numbers 1Sy and an isoscalar one (13U)
with quantum numbers 38,.Since my ~ A »» anonrelativistic
formulation of the nucleon fields is convenient [6]. Chiral
symmetry, and its breaking due to the quark masses in
QCD, constrains the possible interactions of the nucleons and
dibaryon fields with the pions. The sector without dibaryon
fields is the standard one [1], that is,
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where u? = U, u, = i{u!, d,u}, D, = (3, + Lu', d,ul), 7
is the pion field, t¢ is the isospin Pauli matrices, g4 ~ 1.25
is the axial vector coupling constant of the nucleon, and
f= ~ 132 MeV is the pion decay constant. This is the leading
order Lagrangian for the pions [(O(p?)] and the pion-nucleon
interactions [O(p)], augmented by the kinetic term of the
nucleon (which is next-to-leading order for £ ~ p ~ m,, but
becomes leading order for E ~ p?/2my < my).

The sector with dibaryon fields and no nucleons in the rest
frame of the dibaryons reads

Lp= Eo(p) + EO([:Z), 2.3)
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where Lo,y is the O(p) Lagrangian
Loy = 3 TrDI(—idy + 8}, ) D] + D}(~ido + 8, ) Dy,
2.4)

where Dy = D{t, and 5;”,,, i = s, v are the dibaryon residual
masses, which must be much smaller than A,, otherwise
the dibaryon should have been integrated out as the re-
maining resonances have been. The covariant derivative for
the scalar (isovector) dibaryon field is defined as dyD; =
do Dy + 3[[u, dou), Ds]. Loy is the O(p?) Lagrangian

Lo = $1 Tr{Ds(uM'u + u' Mu")D]]

+ 5 Tt[ DI (M u 4+ u' Mu")D;]

+ 53 Tr[DST Dguoug] + s4 Tr[ Dy Djuouo]

+ 55 Tr[ D] Dyuju;]

+ 56 Tt[ Dy Dl uju; ] 4 s7 Tr[ Diug Dyug]

+ s Tr[D]u; Dsu;]

+ vlﬁi . 5U Trlut Mu® + umtu]

+ vzﬁl . 51, Trluoug] + v353 . 13v Trlu;u;]
(2.5)

where M is the quark mass matrix, which we will take in
the isospin limit, namely, the average of the up and down
quark masses m, times the identity matrix. s;,7i =1,...,8
andv;, j =1,...,4 are low energy constants (LECs).

The dibaryon-nucleon interactions will only be needed at
leading order

+ (D' DY 4 D' D) Tr[u;u ],
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2.6)

—-1/2 .
where A; ~ A, / ,andi = s, v.

The nucleon-nucleon scattering amplitude will be domi-
nated by the dibaryon field. At tree level it gives a contribution
~1/my A, (for energies ~m), which is parametrically larger
than the contribution arising from the four-nucleon interactions
~1/ Ai. The dibaryon field propagator gets an important
contribution to the self-energy due to the interaction with the
nucleons [Fig. 1(b)], which is always parametrically larger
than the energy E. As a consequence, the LO expression

AP
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FIG. 1. (a) LO diagram. The shaded circle stands for the resum-
mation of dibaryon self-energy. (b) Dibaryon self-energy diagram.
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for the dibaryon field propagator becomes [in dimensional
regularization (DR) and minimal subtraction (MS) scheme],

i

6/ + it

2.7

A? le’

p = ~/my E) rather than the tree level expression i /(—E +
8., — in). Note that expression (2.7), unlike the tree level
expression, has the correct positivity properties irrespective
of the sign chosen for the time derivative in Eq. (2.4). The
unconventional signs for the time derivatives in Eq. (2.4) are
chosen in this way in order to correctly reproduce the sign of
the effective ranges later on. They do not imply any violation of
unitarity, because the correct leading order expression for the
propagator is expression (2.7) and not the tree level one. From
expression (2.7), it follows that the leading contribution to the
NN scattering amplitude for energies ~m, is parametrically
~1/ my 2A3/ 2, namely, slightly suppressed with respect to
the tree level estimate for it, but still more important than
the tree level contribution from the four-nucleon interactions
(~1/ Ai). The fact that a loop contribution always dominates
over a tree level one is kind of bizarre in an EFT framework.
It probably indicates that the first reliable approximation to
the true amplitude is the NLO one, namely, the first order in
which the tree level energy dependence is not neglected. It
also suggests that NLO contributions (and probably beyond)
should be resummed in some sort of self-energy. We will see
later on that unitarity provides the key ingredient to carrying
out these resummations.

Expression (2.7) implies that the dibaryon field should not
be integrated out unless p < §,, , instead of E < §,, as the
tree level expression suggests. If 8’ & My, it should ‘also be
kept as an explicit degree of freedom in the so-called pionless
EFT, as in Refs. [53-55].

Except for the above-mentioned contributions to the self-
energy of the dibaryon fields, which become LO, the calcula-
tion can be organized perturbatively in powers of 1/ A, . Hence
one expects that any UV divergence arising in higher order
calculations will be absorbed in a low energy constant of a
higher dimensional operator built out of nucleon, dibaryon, and
pion fields [note that the linear divergence in the self-energy
of the dibaryon fields due to the diagram in Fig. 1(b). can be
absorbed in 8, ]. The renormalized result may be recast in a
manifestly unitary form [41,56].

We shall restrict ourselves in the following to energies E ~
m2 /A, < m,, which implies nucleon three momenta ~m,.
We shall follow the strategy of [42], which was inspired in the
formalism of [57], and shall build a lower energy EFT with
no explicit pion fields: the effects due to the pions will be
encoded in the potentials (and redefinitions of the LECs). We
will present the calculation of the NN scattering amplitudes
at NLO. For these energies the LO contribution is ~1/m; A,
which means that we are aiming at including all contributions
upto 1/A2.

III. LOWER ENERGY EFFECTIVE THEORY

For energies E ~ m2 /A, < my, the pion fields can be
integrated out. This integration produces nucleon-nucleon
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potentials and redefinitions of low energy constants. Since
we are aiming at a NLO calculation, we must keep corrections
O(my /A ,) and neglect higher order ones.

In the one-nucleon sector, pion loops produce corrections
that are O(m% / Ai) and hence can be neglected. The same
holds true for the dibaryon sectors. However, both single-
nucleon and dibaryon sectors get a contribution O (my /A )
from counterterms proportional to the quark masses which
redefine the nucleon mass and the dibaryon residual masses.

In the two-nucleon sector, the one pion exchange is the
only relevant contribution at this order, which produces the
well-known one pion exchange (OPE) potential.

Pion loops in the dibaryon-nucleon vertices also produce
O(m3 /%) corrections, except for those that reduce to the
OPE potential correction to the dibaryon-nucleon vertex,
which are included in the effective theory and must not be
considered in the matching.

Hence the Lagrangian of the lower energy effective theory
at the NLO order reads as follows. The sector without dibaryon
fields reduces to the LO one in the Weinberg approach [1],

PE , C .
Lon =N idg+ — | N = S(NTN)Z——T(NTUN)z
2mN 2

| SN P
+ EN[G’TN(xl)V,»j(xl —x)NT6/TN(x,), (3.1
where V;; is the OPE potential
2 3
d iq, e
Vijter = x0) = =35 [ S A miahi - 3)

272 ) @n) g +m?

The sector with dibaryon fields and no nucleons in the rest
frame of the dibaryons reads

L}, = D} (=i + 8,,)D? + Di(~idy + 8,,)Dy. (3.3)

where §,,,, i = s, v is the (redefined) dibaryon residual mass,

8m, = 8, +dmy(s) + s2) — 28my,
(3.4)
Sm, =8, +4mgvy —28my.

nmy

dmy is also proportional to m, and stands for the leading
m, corrections to nucleon mass (see, for instance, Ref. [58]),
which can be reshuffled into §,,, by local field redefinitions.
s1, 82, and v; are the LECs introduced in Eq. (2.5). Note that
if 8/, < my, then the quark mass dependence of §,, is a
leadmg order effect. The dibaryon-nucleon interactions remain
the same as in Eq. (2.6).

The calculations in this EFT can be organized in ratios
E/pand p/A, (recall m; ~ p). The UV divergences arising
at higher orders will be absorbed by local terms built out of
nucleon and dibaryon fields.

IV. SCATTERING AMPLITUDES AT NLO

The scattering amplitudes at LO are given by the diagrams
in Fig. 1. The corresponding amplitudes are,

1 4A2

- . A? Ajmnp 8
L4 7r8m,

i=s,v.
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FIG. 2. NLO diagrams. (a) Diagrams with a one-to-one correspondence with the ones in the KSW approach. (b) Extra diagrams that have

been considered in our approach.

Subscripts are i = s, v, and superscripts (which appear below)
are i ='Sp,3S; with the equivalence s = 'Sy, v = 35,. We
use DR and the MS scheme throughout. These amplitudes
formally coincide with the leading order of the effective range

expansion (ERE) with the scattering length given by a; =
Aisz
T 8m;

, and hence they also coincide with the LO amplitudes in
the KSW approach identifying 27 with CLU + % The bubble
resummation chain in the latter plays the role of the dibaryon
field. Notice, however, that the use of the dibaryon field makes
unnecessary the use of the power divergence subtraction (PDS)
scheme in order to keep a consistent counting for p ~ m.
Furthermore, one must keep in mind that §,,, may contain a
leading order dependence on the quark masses if 6, < my,
whereas the LO scattering lengths in the KSW approach do
not depend on the quark masses.

At NLO, we have the diagrams in Fig. 2. The diagrams
in Fig. 2(a) have a one-to-one correspondence with those in
the KSW approach. We have checked that they give the same
contribution as in Ref. [14]. The diagrams in Fig. 2(b) are
new and produce the only computational difference between
the KSW approach and ours at this order. The insertion of
a three-momentum-dependent four-nucleon interaction in the
bubble chain in KSW corresponds to the tree level energy
dependence of the dibaryon field, which becomes NLO in our
approach as well, and the insertion of a quark-mass-dependent
four-nucleon interaction in the bubble chain corresponds to the
dibaryon mass shift due to Eq. (3.4), which may become LO in
our approach. Since the diagrams of Fig. 2(b) do not contribute
to the 3S;-3D; mixing, we obtain the same expressions as
KSW for it, and hence we will not discuss it further. The
contributions of Fig. 2(b) to the scattering amplitudes in the
1Sy and 3S; channels read

2
= i (L) - (ML)
T (4.2)

i=s,v,
where C; = Cs —3C7, C, = Cg + Cr, which produce the
following extra contributions to the phase shifts with respect

to the KSW approach:
. i
50=C,'W, 1 =4g,0. (3)
t+(45)

V. LOW ENERGY CONSTANTS FROM DATA

In this section, we compare the output of our calculation
with data and extract the low energy constants. This is
important for the self-consistency of the approach: if the data
favor §,,, of the order of the pion mass or smaller, then the
introduction of the dibaryon field makes a lot of sense. If, on
the contrary, it delivers §,,, larger than the pion masses, then the
introduction of the dibaryon field should be irrelevant. In the
first case, if, in addition, §,,, < m,, our approach is expected
to produce qualitative differences with respect to KSW, at least
as far as the quark mass dependence is concerned.

As discussed in the previous section, our final results for the
NLO amplitudes and phase shifts may be obtained from those
of the KSW approach, by removing the PDS subtractions and
adding Eq. (3). It turns out that this extra contribution [Eq.
(4.2)] can be written in a form resembling the quark mass
insertion in KSW [see Eq. (5.2) below]. As a consequence, the
following correspondence between our parameters and, for
instance, those of Ref. [14] exist once the PDS subtractions
are removed,

4A? _ci

Sy
Note that whereas there is indeed a one-to-one correspondence
between our parameters and those of the KSW approach, the
quark mass dependence of these parameters does not match,
which may become important for eventual extrapolations of
lattice data.

The fits to phase shift data obtained in this way are very
unstable, especially for the 'Sy channel. It is convenient to
write these amplitudes in a manifestly unitary form [41,56],
which is equivalent to the one described above at the order we

4A7 1 i
= Cj.

i 2
C;=—D\m =
200
(Sm; mN8m,-

5.1)
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are working. This is achieved by writing

Al = L(Ai_l)z, i=s,v,

4A2\2
(5)
and proceeding analogously for the pion contributions arising
from Fig. 2(a),

(5.2)

br = s (AL (5.3)

2
(5)

where I1;,i = s, v stand for

gz Aszm 1 4p?
M= >4 84 ) |[1—-In(1+4+ =
() im0 3E)]

% (Aszp) B <2p)
-—Z|—~—=)tan' | —
p T 8m,; My
2 2
m 4p
+4_pn21n<1+m_]2,> —1}.

Thanks to the simple self-energy structure, it is easy to
recast these contributions into manifestly unitary expressions,
which lead to the following phase shifts,>

(A’ZmNp)
-1 Tom;

£, G s
1 Sm; + (4,\12)
S

Note that at the order we are working, the contribution
proportional to C; can be absorbed into a redefinition of §,,,.
This can already be seen at the Lagrangian level. Indeed, a
local field redefinition of the dibaryon fields of the type D —
D + cNN, which respects the counting (i.e., ¢ ~ A;3/2)
allows one to remove the four-nucleon terms at the only cost
of introducing higher order operators [44,45,47]. Nevertheless,
we will keep these terms for the fits in this section, because
the outcome will be illuminating. The results discussed in the
following text as well as the figures correspond to Eq. (5.5)
above.

5| =2

54

§; = —tan 5.5)

i=s,v.

i

A. Fitting the phase shifts

Fitting the expressions in Eq. (5.5) to the Nijmegen data
for the phase shifts instead of the expressions in Sec. IV leads
to much more stable results and a very good agreement with
data at NLO. We restrict ourselves to energies in the range
0-50 MeV, for which our lower energy EFT should hold. We
present the results of the fit for the LO and the NLO expressions
in order to keep track of the evolution of the parameters. For
the 1S, channel at LO we obtain,

A2
— =-320x 107> MeV~?,

mg

(5.6)

The unitarization is only approximate for the 3S; channel, since
coupled-channel effects are neglected [41,56].
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30k ..-' — Nijmegen data
-+ LO

—  NLO

= = Fit

20

E(MeV)

FIG. 3. 'S, phase shift. The solid line shows the Nijmegen data.
The dotted curve corresponds to fitting at LO the scattering length,
while the dashed line corresponds to fitting at NLO the scattering
length, the effective range, and the first shape parameter (vy,). The
dot-dashed curve corresponds to fitting é in the energy range shown.

and the fit is rather poor. At NLO, however, the fit becomes
extremely good (Fig. 3), we obtain

Cy = —1.225x 107 MeV™2, A, =0.0275 MeV /2,
(5.7)

AZ

8—~* =3.56 x 1075 MeV 2,

mg

8w, = 21.2 MeV,

For the 3, channel at LO, we already obtain a reasonable
fit with

2

; v =257 x 107* MeV 2,

which becomes better at NLO (Fig. 4) with
C, =—0228 x 107* MeV™2, A, =0.0332 MeV"(/;,g)

2
v —(0.344 x 107* MeV 2.

my

(5.8)

8, = 32.0 MeV,

We observe that the values for §,,, are small, namely, §,,, ~
m% /A, < my. This explains the large variations of Ai2 /8m; In
going from LO to NLO: §,,, — §,, is not a small correction to
8,,, iInEq. (3.4) buta quantity of similar size. A? take reasonable
values ~1/A, ~ 1/my, and Cg and Cr take values larger
than expected with the size assignment ~1/ Ai. In fact, a size
assignment ~1/A , m, appears to be more appropriate. Note
that such a size assignment would not allow us to remove these
terms by a local field redefinition which respects the counting,
such as the one discussed after Eq. (5.5). In fact, if one sets
C; = 0, the good fit to data for the 1Sy channel is spoiled. We
will return to this point in Sec. I'V.

If we wish to analyze the convergence of the EFT results
for the phase shifts, fitting the LECs to data at each order
may not be the optimal way to proceed. Since the EFT should
work better the lower the energy is, it appears reasonable to
us to extract the LECs from the ERE, as advocated by some
authors [24,25].
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— Nijmegen data

... LO
150 \ . N.LO

E(MeV)
FIG. 4. Same as Fig. 3, but for the S, phase shift.

B. Inputting the ERE parameters

At LO the scattering lengths a; = —23.7 fm and a, =
5.42 fm are sufficient as an input. We obtain

2= _1.61 x 1073 MeV~2,
(5.10)

; v =3.68 x 107" MeV 2.

At NLO we need in addition the effective ranges r; =
2.67fm and r, = 1.83fm and the shape parameters vy, =
—0.476 fm® and vy, = —0.131 fm> [59]. We obtain

C, = —0.874-107*MeV™2, A, =0.0239 MeV~!/2,

(5.11)
A2
8m, = 18.9 MeV, 5_ =3.02 x 1075 MeV 2,
C, = —0.768 x 107* MeV™2, A, = 0.0292 MeV~'/2,
) (5.12)
8, = 19.0 MeV, v =449 x 107 MeV 2.

my
From the plots in Figs. 3 and 4, we see that inputting
the parameters from the ERE produces a less satisfactory
description of data than the fits. Nevertheless, it might provide
a more convenient procedure for analyzing the convergence of
the series. It also produces smaller values of §,,,, which make
the contributions of the dibaryon fields more important at low
energies.

VI. RETHINKING THE COUNTING

The numbers for 6,,,i =s,v, of tens of MeV, clearly
indicate that the dibaryon fields must be kept as explicit degrees
of freedom essentially at all energies (only for E < &, /Ay
1 MeV is it justified to integrate them out). In addmon
since 8, ~ m2 /Ay, it implies that §,, < mZ/A,, and hence
of size comparable to the NLO contributions. This suggests
that the actual LO of the dibaryon field propagator should
be w/A’my p for p ~ m, rather than expression (2.7). This
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expansion will fail at very low energies, but the manifestly
unitary version of it (beyond leading order) is expected to
produce sensible results in the very low energy region as well.
This can be checked from our expressions (5.5) by keeping
only the dependences in §,,, which gives rise to LO corrections
in the above counting [that is, dropping the terms with C; and
keeping only the first term in Eq. (5.4)], namely,

AZmyp
T,
8 = —tan~! & AZmi 2 ' | a2
_ £ SadiMyMz 1 _ 1 ap-
L= —+ 8226, [1—zln(1+ mZ )]
6.1)
1=s,v

Fits to data in this case, shown in Fig. 5, are only slightly worse
than those displayed in Figs. 3 and 4. They deliver

A; = 0.0305 MeV~"2 5, =—19.4 MeV,

5 =482 x 107 MeV™2, A, =0.0365 MeV~1/2,

2
Y = (0.00333 MeV 2.

nmy

8, = 0.400 MeV, (6.2)
From the numbers above, it is clear that this expansion is
expected to work better for the 3S, channel than for the 'S,
one. It is also interesting to note that the numbers obtained for
C; from the fits in Sec. V, namely, C; ~ 1/A, m5, produce
in Eq. (5.5) the expected size for a correction O(my/Ay)
to the formula (6.1) above. Then the C; in Eq. (5.5) appear
to be simulating next order corrections to the phase shifts.
This is also so for the second term in Eq. (5.4) (the last
terms in it give rise to next-to-next order corrections). For the
1Sy channel, this is specially important: if one sets C; = 0 in
Eq. (5.5) but retains the second term (or the full expression)
in Eq. (5.4), no good fit to data is achieved. Hence, both terms
must be consistently neglected (or taken into account).

To evaluate the impact of recasting the amplitude in a
manifestly unitary expression, let us expand the formula 6.1
around 8,,, = 0 up to NLO terms, i.e., tan~!(x) &~ 7 — +»and
fit this expression to data in the energy range 2-50 MeV. The
expanded expressions still produce very good fits in this energy
range (see Fig. 5) and deliver similar values for the parameters:

A; =0.0343 MeV~ 2, 5, = —23.8 MeV,

A2
=5 =496 x 107 MeV 2,

; A, = 0.0367 MeV~'/2 (6.3)

2
v = (.00333 MeV 2.

my

Om, = 0.404 MeV,

As mentioned before, this expansion breaks down at very
low energies. The manifestly unitary formula (6.1) essentially
fixes up this failure. Alternatively, at these low energies one
should change the counting to p ~ §,,, < m . Then one can
match our lower energy EFT to an even lower energy EFT with
only contact interactions between nucleons (rather than finite
range potentials like Yukawa’s), and between nucleons and
dibaryons. In fact, it is within this very low energy EFT that
dibaryon fields have mostly been considered in the literature
[44,47,53]. It would be interesting to have the explicit relation
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200~

— Nijmegen data
— - Full expression
- Expanded expression

180

E(MeV)
(a)

70 —

— Nijmegen data
— - Full expression

60 -]
i - Expanded expression

50 T

401
S 30H

20 H

E(MeV)
(b)

FIG. 5. Phase shifts *S; (a) and 'Sy (b). The solid line shows the
Nijmegen data. The dashed and dotted curves correspond to the fit
in the range 2-50 MeV of Eq. (6.1) and its expanded version (as
explained in the text), respectively. The expanded expression fails
to reproduce the data at very low energies while it fits better than
the full expression at p ~ m, . Notice that the expanded expressions
for the 'Sy (3S)) channel tend to —oo (00) as the energy tends to
Zero.

between the parameters in our fundamental theory and the
ones in this very low energy EFT, which is left for future
work.

VII. DISCUSSION

Let us first elaborate on the apparent contradiction between
our hypothesis that dibaryon fields must be considered fun-
damental degrees of freedom and Weinberg’s claim that the
deuteron is not an elementary particle [60]. The point is that
one should not identify the 3S; dibaryon with the deuteron.
We can sul)stantiate this statement by computing the value of
Z = |(Q|D,|d)|*> (d stands for the deuteron), the projection
of the dibaryon field on the deuteron, from the LO dibaryon

PHYSICAL REVIEW C 78, 024003 (2008)
propagator:

/ d*x 7 (QIT{ D (0)DI ()} 12) 5 po—

iz8"

= T L, tic (7.1)

where E, is the binding energy of the deuteron. At LO,

/d4x P (QIT{D 0D} (1)} |2
i8' i8'
T oA 5, Em gy D
from which one easily obtains
R o TR 12 R ST
Z = Elgréd A4m?v” = <1 (13)
p 72

Hence the projection of the dibaryon field on the physical
state, i.e., the deuteron, is parametrically small, so there is no
contradiction between Weinberg’s statement that the deuteron
is mainly a nucleon-nucleon bound state and considering
dibaryons as basic degrees of freedom. This is possible because
the interaction of the dibaryon with the nucleons is a leading
order effect.

Let us next discuss the quark mass dependence of the
scattering lengths a in our approach. At leading nonvanishing
order, they read

my

— ~c+cmy+c"mylnmg,
a

74)
(c, ¢/, and ¢” stand for quantities that do not depend on the
quark masses) in which all three terms are equally important
[the chiral log arises from the counterterm of the rightmost
diagram in Fig. 2(a)]. The most important correction to this
formula comes from a particular momentum region, uncovered
in Ref. [61] and recently discussed in Ref. [11], of two-loop
self-energy diagrams of the dibaryon fields which produces

terms proportional to mg/ ., Hence, the lattice results for the
scattering lengths [62,63] are expected to be very sensitive to
the quark masses used.

Let us finally mention that the inclusion of dibaryon fields
as fundamental degrees of freedom may help us understand
certain enhancements in N-body forces. In the Weinberg’s
original counting [1], N-body forces were suppressed by
powers of A;‘(_w . However, the introduction of a dibaryon
field allows us to introduce local terms in the baryon number
sector N which are only suppressed by Aif’w/ 2Hf N is
even or A, M2 if N is odd, which indicates that N-body
forces are expected to be enhanced with respect to Weinberg’s
counting. To illustrate this, consider, for instance, a term
rDINTND,r ~ 1/ Ai. If the dibaryon field is integrated out
and the outcome is expanded considering the momenta small,
a six-nucleon contact term ¥’ NTNTNINNN, r' ~ 1/(A3(8,2n),
is induced, which is indeed enhanced with respect to the
Weinberg’s counting (6,, < A ). It is interesting to note that
this term is of the same “unnatural” size as the one found

in Ref. [64], if the cutoff A and the coupling constant g are
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taken of natural size, namely, A ~ A, and g2 ~ 1/A,,in that
reference.

VIII. CONCLUSIONS

We have proposed a NNEFT at the energy scale of the
pion mass, which has two dibaryon fields as explicit degrees
of freedom in addition to the nucleons and pions. We have
matched it to a lower energy effective theory in which the
pion fields have been integrated out. We have pointed out
that different counting rules are required for p < m2/A,
and for p ~ m,, and have focused on the latter case. Both
effective theories are renormalizable and give rise to manifestly
unitary amplitudes at leading order. We have calculated these
amplitudes at NLO and showed that they produce a very good
description of the phase shift in the energy range 5-50 MeV.
Once unitarized, the good description extends to the full range
of 0-50 MeV. The residual masses delivered by the fits are

PHYSICAL REVIEW C 78, 024003 (2008)

small, which indicates that the dibaryon fields must also be
kept as explicit degrees of freedom at low energies.

ACKNOWLEDGMENTS

We are grateful to Daniel Phillips for his comments on
the first version of this paper and for bringing Ref. [45] to
our attention. We also thank Shung-ichi Ando for bringing
Refs. [53-55] to our attention. We acknowledge financial
support from MEC (Spain) grants CYT FPA 2004-04582-C02-
01, FPA2007-60275/, FPA2007-66665-C02-01/ the CIRIT
(Catalonia) grant 2005SGR00564, and the RTNs Flavianet
MRTN-CT-2006-035482 (EU). JT has been supported by a
MEC Collaboration grant and a FI grant from Agencia de
Gesti6 d’Ajudes Universitaries i de Recerca (AGAUR) of the
Generalitat de Catalunya.

[1] S. Weinberg, Phys. Lett. B251, 288 (1990); Nucl. Phys. B363, 3
(1991); Phys. Lett. B295, 114 (1992).
[2] P. FE. Bedaque and U. van Kolck, Annu. Rev. Nucl. Part. Sci. 52,
339 (2002).
[3] E. Epelbaum, Prog. Part. Nucl. Phys. 57, 654 (2006).
[4] H. W. Hammer, N. Kalantar-Nayestanaki, and D. R. Phillips,
arXiv:nucl-th/0611084.
[5] R. Machleidt, arXiv:0704.0807 [nucl-th].
[6] E. Jenkins and A. V. Manohar, Phys. Lett. B255, 558 (1991).
[7] C. Ordofiez, L. Ray, and U. van Kolck, Phys. Rev. C 53, 2086
(1996).
[8] E. Epelbaum, W. Glockle, Ulf-G. Meifiner, Nucl. Phys. A671,
295 (2000); A637, 107 (1998).
[9] N. Kaiser, Phys. Rev. C 61, 014003 (1999); 62, 024001 (2000);
63, 044010 (2001); 64, 057001 (2001); 65, 017001 (2001).
[10] M. Walzl, Ulf-G. MeiBner, and E. Epelbaum, Nucl. Phys. A693,
663 (2001).
[11] J. Mondejar and J. Soto, Eur. Phys. J. A 32, 77 (2007).
[12] D. R. Entem and R. Machleidt, Phys. Rev. C 68, 041001(R)
(2003).
[13] D. B. Kaplan, M. J. Savage, and M. B. Wise, Phys. Lett. B424,
390 (1998).
[14] D. B. Kaplan, M. J. Savage, and M. B. Wise, Nucl. Phys. B534,
329 (1998).
[15] S. Fleming, T. Mehen, and I. W. Stewart, Nucl. Phys. A677, 313
(2000); Phys. Rev. C 61, 044005 (2000).
[16] A. Nogga, R. G. E. Timmermans, and U. van Kolck, Phys. Rev.
C 72, 054006 (2005).
[17] S. R. Beane, P. F. Bedaque, M. J. Savage, and U. van Kolck,
Nucl. Phys. A700, 377 (2002).
[18] D. R. Entem, E. Ruiz Arriola, M. Pavon Valderrama, and
R. Machleidt, Phys. Rev. C 77, 044006 (2008).
[19] M. Pavon Valderrama and E. Ruiz Arriola, Ann. Phys. 323, 1037
(2008).
[20] M. P. Valderrama and E. Ruiz Arriola, Phys. Rev. C 72, 044007
(2005).
[21] M. Pavon Valderrama and E. Ruiz Arriola, Phys. Rev. C 74,
064004 (2006).
[22] M. Pavon Valderrama and E. Ruiz Arriola, Phys. Rev. C 74,
054001 (2006).

[23] M. P. Valderrama and E. Ruiz Arriola, Phys. Rev. C 72, 054002
(2005).

[24] M. P. Valderrama and E. Ruiz Arriola, Phys. Rev. C 70, 044006
(2004).

[25] M. Pavon Valderrama and E. Ruiz Arriola, Phys. Lett. B580,
149 (2004).

[26] J. Nieves, Phys. Lett. B568, 109 (2003).

[27] D. Djukanovic, J. Gegelia, S. Scherer, and M. R. Schindler, Few
Body Syst. 41, 141 (2007).

[28] J. Gegelia and S. Scherer, Int. J. Mod. Phys. A 21, 1079 (2006).

[29] J. Gegelia and G. Japaridze, Phys. Lett. B517, 476 (2001).

[30] J. Gegelia and G. Japaridze, Phys. Rev. D 60, 114038 (1999).

[31] J. Gegelia, arXiv:nucl-th/9806028.

[32] V. S. Timoteo, T. Frederico, A. Delfino, and L. Tomio, Phys.
Lett. B621, 109 (2005).

[33] T. Frederico, V. S. Timoteo, and L. Tomio, Nucl. Phys. A653,
209 (1999).

[34] J. F. Yang, arXiv:0711.4637 [nucl-th].

[35] J. F. Yang, J. H. Huang, and D. Liu, Chin. Phys. Lett. 23, 2688
(20006).

[36] J. F. Yang and J. H. Huang, Commun. Theor. Phys. 47, 699
(2007).

[37] J. F. Yang and J. H. Huang, Phys. Rev. C 71, 034001 (2005); 71,
069901(E) (2005).

[38] J. F. Yang, arXiv:nucl-th/0407090.

[39] M. C. Birse, Phys. Rev. C 76, 034002 (2007).

[40] M. C. Birse, Phys. Rev. C 74, 014003 (2006).

[41] J. A. Oller, Nucl. Phys. A725, 85 (2003).

[42] D. Eiras and J. Soto, Eur. Phys. J. A 17, 89 (2003).

[43] D. B. Kaplan, Nucl. Phys. B494, 471 (1997).

[44] P. F. Bedaque and U. van Kolck, Phys. Lett. B428, 221 (1998).

[45] P. F. Bedaque and H. W. Griesshammer, Nucl. Phys. A671, 357
(2000).

[46] H. W. Hammer, D. R. Phillips, and L. Platter, Eur. Phys. J. A
32, 335 (2007).

[47] S. R. Beane and M. J. Savage, Nucl. Phys. A694, 511 (2001).

[48] V. L. Kukulin and V. N. Pomerantsev, Int. J. Mod. Phys. A 21,
817 (2006).

[49] V. 1. Kukulin, I. T. Obukhovsky, P. Grabmayr, and A. Faessler,
Phys. Rev. C 74, 064005 (2006).

024003-8



EFFECTIVE FIELD THEORY WITH DIBARYON DEGREES ...

[50] V. N. Pomerantsev, V. 1. Kukulin, V. T. Voronchev, and
A. Faessler, Phys. At. Nucl. 68, 1453 (2005); [Yad. Fiz. 68,
1511 (2005)].

[51] A. Faessler, V. I. Kukulin, and M. A. Shikhalev, Ann. Phys.
(NY) 320, 71 (2005).

[52] V. 1. Kukulin, I. T. Obukhovsky, V. N. Pomerantsev, and
A. Faessler, Int. J. Mod. Phys. E 11, 1 (2002).

[53] S. I. Ando and C. H. Hyun, Phys. Rev. C 72, 014008
(2005).

[54] S.i. Ando and K. Kubodera, Phys. Lett. B633, 253 (2006).

[55] S. Ando, R. H. Cyburt, S. W. Hong, and C. H. Hyun, Phys. Rev.
C 74, 025809 (2006).

[56] J. A. Oller, E. Oset, and A. Ramos, Prog. Part. Nucl. Phys. 45,
157 (2000).

PHYSICAL REVIEW C 78, 024003 (2008)

[57] A. Pineda and J. Soto, Nucl. Phys. B, Proc. Suppl. 64, 428
(1998).

[58] V. Bernard, N. Kaiser, and U. G. Meissner, Int. J. Mod. Phys. E
4,193 (1995).

[59] V. A. Babenko and N. M. Petrov, Phys. At. Nucl. 70, 669
(2007).

[60] S. Weinberg, Phys. Rev. 137, B672 (1965).

[61] T. Mehen and I. W. Stewart, Nucl. Phys. A665, 164 (2000).

[62] M. Fukugita, Y. Kuramashi, M. Okawa, H. Mino, and A. Ukawa,
Phys. Rev. D 52, 3003 (1995).

[63] S.R. Beane, P. F. Bedaque, K. Orginos, and M. J. Savage, Phys.
Rev. Lett. 97, 012001 (2006).

[64] P. F. Bedaque, H. W. Hammer, and U. van Kolck, Nucl. Phys.
A676, 357 (2000).

024003-9



