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1. Introduction

The size of the nucleon—nucleon S—wave scattering lengths is largenghacted from stan-
dard arguments of chiral counting, and understanding their values@©bn is still a major chal-
lenge [1]. Lattice calculations at physical light quark masses are vetlydqalthough they have
recently been carried out for some observables) and, hence, tbéalseal extrapolations will be
needed for some time in order to obtain reliable estimates [2, 3]. The quarkd®pssdence of
low—energy observables can be obtained from suitable chiral efiatiories.

The introduction of dibaryon fields in nucleon—nucleon effective fieldties (NNEFT) is a
very convenient way of implementing large scattering lengths [5—7]. Italr@sdy noticed in [9]
that beyond next-to—leading order (NLO), part of the calculation mustrgpanized in powers of
\/W/\X, my being the pion mass amd, a typical hadronic scale, rather than in powersgj Ay
[7]. Itis in fact an accident due to Wigner symmetry that the Would@()m?,;/z//\f/z) correction
vanishes [7, 10]. In addition, it was pointed out in Ref. [11] that the tegimgg corrections
v/Mr/Ay were generically large. In this paper we show that these terms can be sumpniied
the 3S;, channel and, furthermore, that they give a vanishing contribution toctéesing length.
This allows us to provide a reliable chiral extrapolation formula for the irverattering length
including terms up to ordenna/z//\)l(/z, my being the average light quark masses. Unfortunately
neither the arguments that allow the resummation nor the proof that the efféshes apply to the
15, channel.

2. NNEFT with Dibaryon fields

Our starting point is the effective field theory (EFT) for the the baryonimber two sector
of QCD for energies much smaller thay, proposed in Ref. [6, 7]. The distinct feature of this
EFT is that, in addition to the usual degrees of freedom for a NNEFT thearpely nucleons
and pions, two dibaryon fields, an isovectB&f with quantum numberss, and an isoscalaf),)
with quantum numberdS;, are also included. Chiral symmetry, and its breaking due to the quark
masses in QCD, constrain the possible interactions of the nucleons angodilids with the
pions. When we restrict ourselves to enerdies m;, we can integrate out nucleons and pions of
such energies. The only pionic degrees of freedom remaining are-tbalkal potential pions, that
is pions withg® ~ g?/my, wheremy is the nucleon mass. We call the EFT for this energy region
potential NNEFT (pNNEFT). Fop < m,zT//\X we can integrate out the potential pions (as well as
the nucleons with such momenta). Thus the EFT for this energy region dbéswve dynamical
pions and we will refer to it as pionless NNEFENNEFT). In iINNEFT the expression for the
scattering lengths is very simple

1 T

S A i=s(S),v(’sy), 2.1)

wheredn, is the dibaryon residual mass, aAdis the low—energy constant associated to the LO
nucleon—dibaryon vertex. These two low-energy constants receitehimg contributions when
going from the high energy NNEFT tiNNEFT. In the next section we study in detail the con-
tributions to the residual mass with one radiation pion, the remaining matchingbcdiains are
discussedin [7, 8].
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Figure 1: Potential pion exchanges in th& channel can be approximated by contact interactions and resummed into
an effective vertex when the external momentum is bigger than the pies.ma

Figure 2: Resummation of potential pions in the dibaryon—nucleon vertex.

3. Potential pions in loops with radiation pions

We discuss in this section this particular class of contributions to the residss ofidhe
matching calculation of NNEFT with pNNEFT involving radiation pions. The lawmsler dia-
grams involving one radiation pions cancel due to Wigner symmetry. Wheteat pion, in
this case a pion witlg® ~ m; andq ~ /MMy, is added to one of those diagrams a parametric
suppression of only/my/Ay occurs [7, 10], which numerically turns out to b¢XD[8, 11]. Itis
then necessary to sum up these kinds of contributions.

3.1 Loop resummation

Let us consider the exchangeropotential pions between two nucleon lines. If we project it
to thelS channel, the three-momenta coming from the vertices of each potential mibarge
contract between themselves. Note that this is not the case if we project®, thieannel, where
a three—-momentum from one of the vertices of a given potential pion egehmay get contracted
with a three-momentum of a neighboring potential pion exchange vertex.eséth-pion ex-
changes are in a loop with a radiation pion, then the three—-momentum in the datmmohthe
potential pion propagators dominates over the pion mass and the pion.eAsrgyconsequence,
the potential pion exchanges collapse into a local vertices. Again, this sonotthe3S; channel,
where even at very large momentum transfer the potential remains noh-Hotte left hand side
of Fig. 1 we depicted the first terms in a series of diagrams with an arbitrge tarmber of poten-
tial pion exchanges. Using the previous reasoning we can collapsetdmipbpion exchanges into
local vertices obtaining the diagrams on the right hand side. Naively wédveapect each bubble
to suppress the diagram by a factor\gfy/Ay. However a more careful analysis shows that the
actual size of each bubble is in fagin,/a ~ 1.19, and hence the series should be resummed. The
result of the resummation can be cast as an effective energy—depdéode-nucleon vertex with
coupling constant

Corr=ih @ (3.1)
ff 221 P ie :
where we have taken the external energy togf, anda = 8nf,%/(g,§m§/2). An analogous
resummation has to be done for potential pion exchanges in the nucleoryedivartex of Fig. 2.
Furthermore, using the effective vertex of Eq. (3.1) we can constinecself-energy depicted in
Fig. 3, which inside radiation pion loops turns out to be of ordéf) and thus has to be included
in the LO propagator. Note that in order to havkSgnucleon—nucleon state in a loop with a single

radiation pion, the initial nucleon—nucleon state must be irSehannel.
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Figure 3: Order&(mé/Ay) contributions to the dibaryon residual mass. Inside radiation pion loopsSgheceives
an additional self—energy contribution.

3.2 Cancellation of the contributions toa’s:

Making use of the new effective vertices we can summarize all the contnilsutiith one
radiation pion and any number of potential pions in the diagrams of Fig. 3fifEhévo diagrams
are given by

hio = ~8KB(5/4,0), (3.2)

and the third and fourth ones
oy — BA2 (55(1/4, 1)~ a?B(1,1) + aB(3/4,1) - B(1/2, 1)) , (3.3)
oy = 8A2 (B(l/z, 1) — aB(3/4,1) + a?B(0,2) — a®B(1/4,2) — a®B(1,2) + a’B(5/4, 2)) ., (3.9)

with B(f1, B2) defined as

B dd—lq q2 1
B(B1.B2) = (u*)* 4/ (491 (g2 + m2)Br (g2 + M2 — a%)Be

(3.5)

These contributions are @ (m/Ay), the same order as the bare residual masses. The sum of
these three contributions# , », <73, .74) adds up to zero, which can be checked by making use of
the relation

B(B1—1,B2) =B(B1,B2— 1)+ a*B(B1.B2) - (3.6)

The reason for this cancellation is that the contact four—nucleon intemasdiobe removed by the
following local field redefinition of the dibaryon fieldd2 — D2 — g3/ (2f2As) NTP,®N where

P;SO, is the projector to théSy partial wave. As we have mentioned in the previous section, the
resummation cannot be carried out for the analogous diagrarals?quowever, itis likely that the
perturbative expansion also breaks down in this channel due to nuifaditas coming from loop
integrals. Hence, any prediction for the quark mass dependera‘fé)dxh terms of a perturbative
expansion has to be taken with caution, because it could be missing largetmors. Part of the
reasoning we have used in tt®& channel can be adapted to discuss the result for the diagrams with
a single potential pion exchange in a loop with a radiation pion intSgehannel. In this set of
diagrams we can approximate the potential exchange by a four—nucle@tti@rm, and following

the same reasoning as for the contributiona’®. The contact term can then be eliminated by a
field redefinition for theD, dibaryon field. We then conclude that the sum of the diagrams must
vanish.
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Table 1: Independent free parameters in terms of the effective theory lovggenstants.
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Figure 4: Plots ofa'S (left) anda’ (right). The solid and dashed lines correspond to the LO and NLO rigglgc
The triangular dot in tha’s figure corresponds the physical value of the scattering length.

LO | X§o. | G1(MeV) | p(MeV™) | NLO | Xdo¢ | (1(MeV) | {o(MeV™?) | {5(MeV—2)
1 | 374 —126 | 067-10° | 15 2.4 —246 | 456-10° | 9.21-10°
35, | 0.91 —-98 159-10°% | 35 | 04 —155 | 3.83.10° | 101-10°°

Table 2: Parameters results from the fit.

4. Comparison with lattice data

The expressions for the scattering lengths can be rewritten to collect gdhtheneters into
three independent ones [8],

2 2 2 2
-1_ 7 LY - 9aMN m72_[ 3 } gamy m%r
& " = <1 81112 mn) + {le 16712 In (u2>] M+ iy + 5 (Snf%) My In (u2 (41

i =s(!S),v(3S;). The expression obtained is quite simple and emphasizes,tieependence.

The relation of thel parameters to the low energy constants of the EFT can be found in Table 1.
We fitted the lattice data of the NPLQCD Collaboration [12, 13]. We forcedxpesssions for the
scattering lengths to reproduce the experimental values at the physimmatcsa1SO =-237fm
anda’s = 5.38 fm. The remaining parameters have been obtained by minimizing an augmented
chi—square distribution for each scattering length. The values obtaindltefparameters and the
chi—squared per degree of freedom are collected in Tables 2. Theswvaliained foy anddjs,

i =s,v, at NLO are on the limit of what we would consider natural size. This couitate that
significant cancellations occur at the physical pion mass in order to pedtie observed values of

the scattering lengths. Note that the fine tuning increases with the preciglmex{pression used.

In the'Sy channel our results in the chiral limit indicate that the scattering length remedyagive,

thus the system is unbounded. In ##& channel our extrapolation of the scattering length to the
chiral limit shows that it evolves from positive values at the physical piossnanegative values,
hence going from a bounded nucleon—nucleon system to an unboanded
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5. Conclusions

We have showed that contributions to the dibaryon residual masses iny@uimarbitrary
number of potential pion exchanges in loops with radiation pions can be ¢ethputhe3S;
channel. These are all @f(1) and have to be resummed, the result of the resummation takes the
form of a contact interaction. We showed that by performing dibaryoal lbeld redefinitions
we can get rid of the contact interaction, and hence the contribution dhgllains involving these
potential pion exchanges must be zero. Inftf&echannel it has not been possible for us to compute
the contribution of an arbitrary number of potential pions in a loop with a radigiion. However,
similar arguments still apply to the diagrams with only one potential pion, whichidltioen add
up to zero. It is very likely that in théS channel the perturbative series breaks down as in the
3S, channel, which means that it is possible that we are missing large contributibashave
given chiral extrapolation formulas for/a® and /a’> up to corrections of ordef’ nﬁ//\i).

In section 4 we carried out a fit of these expressions to lattice data. FSh#srshow that our
expressions foa™S are much more compatible with lattice data than thosefdr, which could
indicate that the missing, potentially large, contributionst® previously mentioned do exist.
Using these results to extrapolate the scattering lengths in the chiral limit, we thea keeps
its negative sign, whila™s: changes from positive to negative.
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