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Figure 1. Convergence domain of the Born series for the@ave scattering in the Yukawa potential as a
function of the coupling strengidy/ gc.

1. Introduction

Chiral perturbation theory is a powerful tool for studyirmyenergy hadron dynamics. It
turned out to be quite successful in particular in descglime 77T and 1IN scattering processes
in the threshold region. On the other hand in the nucleoreouncsector a strictly perturbative
treatment is impossible even close to threshold. L&geve scattering lengths and the deuteron
bound state are obvious manifestations of this fact. Onéefblutions of this problem within
ChPT based on the ideas of Weinberg [1] is to implement a atepproach. In such a scheme,
the scattering amplitude is generated by solving a dyndmagraation in a non-perturbative manner
with a potential calculated from the chiral Lagrangian. fegkable progress in this direction has
been achieved in the recent years [2, 3].

We suggest an alternative approach [4] based on analytiepies of the scattering amplitude
and the assumption that the interaction turns perturbativeme energy region below the two-
nucleon threshold. One of the motivations for such an assampan be a toy model with Yukawa
potentialge H" /r between two particles in non-relativistic quantum mectsfb]. Fig. 1 shows the
regions in the parameter plane of the coupling congidit some units) and the energy (in terms
of 2—22) where the Born series for tleewave amplitude does not converge (shaded area) and where
it converges (the rest of the plane). One can see that focwufly large values of the coupling
constant the threshold region is non-perturbative, witea¢aome energies below threshold one
can use the standard perturbation theory. Of course, thimtmlel is just an illustration and the
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Figure 2. Feynman diagrams contributing to the NN scattering ampéifi) at orderQ' in the chiral
expansion. Solid dots (filled squares) denote the lowedtrorertices in the chiral Lagrangian (subleading
vertices[] ¢;). The ellipses denote diagrams leading to shorter-ranggibations.

realistic picture differ from it. This picture can be justifi only after an application to the real NN
system is performed, and an analytic continuation of thersabhold amplitude into the above-
threshold region is carried out. This procedure was workgdrodetail for the case oftN [10]
andrrrr [11] scattering and turned out to be quite successful inrd#sg the data.

2. Analytic continuation of the subthreshold amplitude

The starting point of our approach is the nucleon-nucleattsiing amplitude calculated from
the chiral Lagrangian using perturbation theory (see €.g7]). We follow here the regular dimen-
sional power counting that leads to the contributions ugéodhiral ordeiQ® as shown in Fig. 2.
Renormalization of the loop diagrams is performed usingstr&egy analogous to the ones pro-
posed in [6, 8, 9].

The next step consists in the analytic continuation of thtseshold partial wave amplitudes
calculated perturbatively into the physical region takingp account the singularity structure of
the amplitude in the complextplane. The cut structure of thé¢N partial-wave amplitude is well-
known. In particular, the nearest left-hand cuts corredgonl(2,3)-pion exchange contributions
and are located at= 4m2 — (nMy)?, n = 1,2, 3, whereas the nearest right-hand cuts are located at
s= (2my +nM;)? with n = 0,1,2 and correspond to the elastic and pion-production thidsho

The partial wave dispersion relation separates right- efiethend singularities of the ampli-
tude and reads
© ds s—pd T(9)p(S) T*(S)
m, TS —pi  S—s—ie

T(s) :U(s)+A , 2.1)

wherepy is the matching point where the perturbation theory is agsutm converge most rapidly.
Its exact position is not important but it must be sufficigiflr away froms- andt-channel unitarity
cuts (excluding the one-pion exchange cut). We chose itetbee, to beud = 4ng, — 2M2.

The generalized potentibl(s) possesses only the left hand cuts (we neglect the conoitziti
from the inelastic channels) and can be represented asriiELS]

U (S) = Uinside(S) + Uoutsidd ), (2.2)
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whereUjnsige(S) is calculated in chiral perturbation theory through thedrginuity AT (s)
(2.3)

A -M7 ds AT (S
Uinside(S) = //\2 " ?£,

whereasUoysigdS) is analytically continued to some domaih using conformal mapping tech-
nigue [10]. This domain includes the energy region we aeré@sted in and defines the separation
of the ’inside’ and 'outside’ contributions to the genezalil potential. Outside of th@-region
determined by the values @@ and /A2 the generalized potential (s) cannot be calculated reli-
ably. We choosé\? = 4m? — 9M2 at the beginning of the7Bcut separating the nonperturbative
short range dynamics amd = (2my + 2My)? corresponding to energies where inelastic channels
become important.

Finally, one restores the amplitude above the thresholdblwrg Eq. (2.1) withU (s) as an
input.

3. Resaults

There are several free parameters that we fit to the prototrarescattering data by means of
the partial wave analysis [12]. Another PWA [13] is used fomparison. These parameters are the
coefficients of the conformal mapping transformation areliarone-to-one correspondence with
the low-energy constants of the chiral Lagrangian. We damsonly the lowest$ andP) partial
waves where the non-perturbative dynamics is most prorhiiiren the fit the energy points below
Tiab = 100 MeV are taken into account in order to correctly repredihe threshold physics.

The results of our fit at different chiral orders are shownim B(4) for the uncoupled (cou-
pled) partial waves.

We show phase shifts and mixing angles at energies dpge- 250 MeV where neglecting
by the influence of inelastic channels is still justified. AdersQ® andQ?, there is only one free
parameter in each of tf®@waves and none in the other partial waves. At or@@sindQ?, there
is one more free parameter in tBavaves and one free parameter in e&etvave and ing;. The
quality of the fit is comparable with the one obtained in théeptial approach. In particular, the
convergence pattern from the ord@? to Q° looks very reasonable. This supports our assumption
of the perturbative nature of the nucleon-nucleon intéwacdh the subthreshold region. Note thatin
our scheme, the box diagram contributes at o@ferOn the other hand, in the potential approach it
is generated through an iteration of the leading order doe-@xchange potential. It is, therefore,
difficult to disentangle the contributions of one- and tworpexchange left-hand cuts. Such a
separation appears naturally in our method, and one cameeelative importance of the leading
(orderQ?) two-pion-exchange cut. In particular, for the coupledtiphmwaves, its contribution
significantly improves the agreement with the data, seeigithout introducing additional free
parameters.

We also studied the sensitivity of our results to a particaloice of the values of the pa-
rametersuy and/\s and found no significant dependence on these values witkimplilysically
reasonable range.
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Figure 3: Phase shifts in uncoupled S- and P-waves calculated atsa@dddotted lines) Q' (dash-dotted
lines),Q? (dashed lines) an@? (solid lines) in comparison with the Nijmegen [12] (filleddies) and SAID
[13] (filled triangles) PWAs.

4. Summary

We studied nucleon-nucleon interaction from thresholdapd, = 250 MeV with a novel
approach developed in [10] based on an analytic extrapalatf subthreshold amplitudes calcu-
lated in ChPT by means of partial-wave dispersion relatmmmmbined with a conformal mapping
technique. The free parameters, which are related withaiveehergy constants of the chiral La-
grangian, were adjusted to the nucleon-nucleon phase stsiitg existing partial-wave analyses.
The obtained fits are in a reasonable agreement with the iealgfWAs. The quality of the fit
at orderQ? is comparable with the one obtained in conventional appresbased on the chiral
expansion of the NN potential. In all partial waves, the egian for the phase shifts converges
when going from the orde®® to Q3. This supports our assumption of the validity of a perturba-
tive expansion of the NN amplitude in the subthreshold megid/e also found our results to be
rather weakly dependent on the parametgfsand/\s provided these parameters are varied within
a physically acceptable range.

This work is supported by the EU HadronPhysics3 projectd$tf strongly interacting mat-
ter”, by the European Research Council (ERC-2010-StG 25%iclearEFT) and by the DFG
(TR 16, “Subnuclear Structure of Matter”).
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Figure 4: Phase shifts and mixing angles in the coupl&g-3D; and3P,-3F, channels. For notation see
Fig. 4.
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