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Abstract

Results from an ongoing study of baryon-baryon systems stiingenesS = —1 and-2 within chiral €fective field theory are
reported. The investigations are based on the scheme gysWeinberg which has been applied rather successfuliyeto
nucleon-nucleon interaction in the past. Results for theehyn-nucleon and hyperon-hyperon interactions obtaioddading
order are reviewed. Specifically, the issue of extrapaddatire binding energy of thel-dibaryon, extracted from recent lattice
QCD simulations, to the physical point is addressed. Fumbee, first results for the hyperon-nucleon interactiomestt-to-
leading order are presented and discussed.
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1. Introduction

Chiral dfective field theory (EFT) as proposed in the pioneering warfkg/einberg [1, ?] is a powerful tool
for the derivation of nuclear forces. In this scheme them@nisinderlying power counting which allows to improve
calculations systematically by going to higher orders iregtyrbative expansion. In addition, it is possible to deriv
two- and corresponding three-nucleon forces as well agredteurrent operators in a consistent way. Over the last
decade or so it has been demonstrated that the nucleorsnuisl®l) interaction can be described to a high precision
within the chiral EFT approachl|[3) 4]. Following the origiruggestion of Weinberg, in these works the power
counting is applied to thBIN potential rather than to the reaction amplitude. The lagtédnen obtained from solving
a regularized Lippmann-Schwinger equation for the deriméeraction potential. Th& N potential contains pion-
exchanges and a series of contact interactions with anasicrg number of derivatives to parameterize the shorter
ranged part of th&IN force. For reviews we refer the reader to Refs. [%) 6, 7].

In the present contribution | focus on recent investigatiopnthe groups in Bonn-Julich and Munich on the baryon-
baryon interaction involving strange baryons, performétiiw chiral EFT [8/ 9| 10, 11, 12]. In these works the same
scheme as applied in Refl [4] to theN interaction is adopted. First | discuss the applicationht® strangeness
S = -1 sector AN, =N). Here the extension of our study [8] to next-to-leadingasr@NLO) is in progress [12] and
a first glimpse on the (still preliminary) achieved resutisthe AN andZN interactions will be given. Then | report
results of a study on the strangen&ss- -2 sector, i.e. for the\A, XX, and cascade-nucleoBEN) interactions.
Predictions obtained at leading order (LQ) [9] are revieaerd implications for théd-dibaryon are discussed, based
on our framework, in the light of recent lattice QCD calcidat where evidence for the existence of such a state was
found.
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At LO in the power counting, as considered in the aforemaetibinvestigations [8, 9, 10], the baryon-baryon
potentials involving strange baryons consist of four-lbargontact terms without derivatives and of one-pseudascal
meson exchanges, analogous toh¢potential of [4]. The potentials are derived using constsairom SU(3) flavor
symmetry. At NLO one gets contributions from two-pseudtsemeson exchange diagrams and from four-baryon
contact terms with two derivatived [4].

The paper is structured as follows: In Sect. 2 a short overgighe chiral EFT approach is provided. In Sect. 3
results for theAN- andXN interactions obtained to NLO are presented. In Sect. 4tefirlthe theS = -2 (AA, EN
¥¥) systems are briefly reviewed and connection is made witicda®CD results for thél-dibaryon case. The paper
ends with a short Summary.

2. Formalism

The derivation of the chiral baryon-baryon potentials for strangeness sector at LO using the Weinberg power
counting is outlined in Refs| [8, 10, 14]. Details for the Nic@se will be presented in a forthcoming paper [12], see
also [11)1B]. The LO potential consists of four-baryon emhterms without derivatives and of one-pseudoscalar-
meson exchanges while at NLO contact terms with two devigatarise, together with contributions from (irreducible)
two-pseudoscalar-meson exchanges.

The spin- and momentum structure of the potentials reguftiom the contact terms to LO is given by

VS) s = Cseeee+ Criee-es(01- 02) (1)

in the notation of|[4] where th€;. gg_,pg'S are so-called low-energy ctiients (LECs) that need to be determined
by a fit to data. Due to the imposed SU(8pnstraints there are only five independent LECs forNiteand theY N
sectors together, as described in Ref. [8] where also tla¢igrk between the vario@ gg-,ge's are given. A sixth
LEC is, however, present in the strangengss —2 channels with isospih= 0.

In next-to-leading order one gets the following spin- andmeatum structure:

VA o = Ci192+Cok?2+(C3q? + Csk?) (01 - 072) +iCs(a1 + 072) - (q x k)
+ Ces(g-01)(@-02) +Cr(k-01)(k - 02) +iCg(o1 — 02) - (4 X K). (2)

The transferred and average momentagnandk, are defined in terms of the final and initial center-of-massn()
momenta of the baryonp, andp, asq = p’ — p andk = (p’ + p)/2. TheC;’s (actuallyC;.gs-,gg'S) are additional
LECs. Performing a partial wave projection and imposingra&J(3) symmetry one finds that in case of tié\
interaction there are eight new LECs entering$heraves and-D transitions, respectively, and ten ¢ideents in the
P-waves. There are further (four) LECs that contribute oaltheS = —2 system.

The spin-space part of the one-pseudoscalar-meson-ey&patential is similar to the static one-pion-exchange
potential (recoil and relativistic corrections give higleeder contributions) and follows from the SU{(3hvariant
pseudoscalar-meson—baryon interaction Lagrangian hélappropriate symmetries as discussediin [8]:

VOBE

(0'1'Q)(0'2-Q). 3)

—fe,zpfe,B P
TR o2 + M3

Here, Mp is the mass of the exchanged pseudoscalar meson. The gpuaplistantsfggp at the various baryon-
baryon-meson vertices are fixed by the imposed SU(3) caonstieand tabulated, e.g., in [8]. They can be expressedin
terms off = ga/2F, = fune (Oa = 1.26,F, = 924 MeV) andq, the so-calledr/(F + D)-ratio, for which we adopted
the SU(6) valueq = 0.4). Note that we use the physical masses of the exchangedgs=iar mesons. Thus, the
explicit SU(3) breaking reflected in the mass splitting begw the pseudoscalar mesons is taken into account. The
n meson was identified with the octe(ng) and its physical mass was used. The two-pseudoscalamrsesbhange
potential can be found in Refs. [11,12].

The reaction amplitudes are obtained from the solution @fipted-channels Lippmann-Schwinger (LS) equation
for the interaction potentials:
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Figure 1. Total cross sections farp — Ap, ="p — An, =~ p — %0, =~ p —» S~ pandZ*p — *p as a function ofjap. The green (grey) band
shows the chiral EFT results to LO for variations of the cfitio the rangeA = 550...700 MeV, while the red (black) band are results to NLO for
A =500..700 MeV. The dashed curve is the result of the Julich |04 fh&kon-exchange potential.

The labelv indicates the particle channels and the Igb¢he partial wave.u, is the pertinent reduced mass.
The on-shell momentum in the intermediate state,is defined by+/s = \/mél + 02+ \/méz + ¢2. Relativistic

kinematics is used for relating the laboratory en€fgy of the hyperons to the c.m. momentum.

We solve the LS equation in the particle basis, in order torperate the correct physical thresholds. Depend-
ing on the specific values of strangeness and charge up t@spotr-baryon channels can couple. For $he -1
sector where a comparison with scattering data is posdiel€bulomb interaction is taken into account appropri-
ately via the Vincent-Phatak methad [15]. The potentialthie LS equation are cutffowith a regulator function,
exp[— (p’4 + p“) /A4], in order to remove high-energy components of the baryorpaeddoscalar meson fields [4].
We consider cut values in the range 500, ..., 700 MeV, similar to what was tisedhiral NN potentials|[4].

3. Resultsfor the strangeness S=-1 sector

The imposed SU(3) flavor symmetry implies that at LO five inslegent LECs contribute to théN interaction
[8]. These five contact terms were determined.in [8] by a fihtovtN scattering data. Already in that scenario a fairly
reasonable description of the 35 low-enelfj\l scattering data could be achieved for d¢bit@luesA = 550, ..., 700
MeV and for natural values of the LECs. At NLO there are eigiwrtontact terms contributing to ti&ewaves and
the3S;-3D; transition, and ten in thB-waves. Once again the corresponding LECs were fixed bydfittirthe data.
The results obtained at NLO are presented in[Big. 1 (black prands), together with those at LO (grey (green) bands).

3



Authorl et al/Nuclear Physics A 00 (2018)[1-8 4

The bands represent the variation of the cross sectionsl lmasehiral EFT within the considered ciitoegion. For
comparison also results for the Julich '04/[16] meson-excfe models are shown (dashed line).

Obviously, and as expected, the energy dependence exhiyitthe data can be significantly better reproduced
within our NLO calculation. This concerns in particular fiep channel. But also foAp the NLO results are now
well in line with the data even up to tHEN threshold. Furthermore, one can see that the dependente anttft
mass is strongly reduced in the NLO case.

Note that in case of LO as well as at NLO no SY(&nstraints from th& N sector were imposed in the fitting
procedure. The leading order SU(8feaking in the one-boson exchange diagrams (coupling&ots3 is ignored.

Besides an excellent description of tél data the chiral EFT interaction also yields a correctly lblaypertriton,
see Tabl&]l. Indeed this binding energy had to be includedeiitting procedure because otherwise it would have
not been possible to fix the relative strength of the (S-waimglet- and triplet contributions to thep interaction.
Table[1 lists also results for two meson-exchange potasnti@mely of the Jilich ‘04 model [16] and the Nijmegen
NSC97f potentiall[17], which both reproduce the hypertritinding energy correctly. Obviously, the scattering
lengths predicted at NLO are larger than those obtained aahdnow similar to the values of the meson-exchange
potentials. Th&* p scattering length in th&s, partial wave is positive, as it was already the case for oupb@ntial,
indicating a repulsive interaction in this channel.

EFT LO EFT NLO | Julich’'04[16] NSC97f[17]| experiment
A [MeV] 550--- 700 500--- 700
as? -190----191 | -2.88----2.89 -2.56 -251 -1.8%23
atAp -1.22...-123| -159----161 -1.66 -1.75 -1671
a Pl -224...-236 | -390----3.83 -4.71 -4.35
atyp 0.70---0.60 051-.-047 0.29 -0.25
| GH)Eg | -234----236| -231----234 | -2.27 -2.30] -2.354(50)]

Table 1. TheY Nsinglet (s) and triplet (t) scattering lengths (in fm) and typertriton binding energ§g (in MeV).

Calculations for the four-body hypernucfgil and He based on those interactions are reported in Ref. [18].

4. Resultsfor the strangeness S = —2 sector

In this section | review results obtained for tBe= —2 sector, specifically for the coupléd\ — EN — XX system,
within chiral EFT at LO|[9] 19, 20]. As mentioned above, at L@eadditional LEC occurs in this specific channel
with | = O which, in principle, should be determined from experinaéimformation available for this sector. However,
the scarce dat&(p —» Z-pand=~p — AA cross sections [21]) areficted with large uncertainties and, thus, do
not allow to establish reliably its value as found by |us [9nt results for strangeneSs= -2 published in|[9] are
reproduced here in Fig.] 2. As before the band reflects thendigpee of the results on variations of the ¢lito.
The cutdf was varied between 550 and 700 MeV (like in case of theXDpotential) and under the constraint that
the AA 1Sq scattering length remains practically unchanged [9]. Asremce we have taken the result for= 600
MeV and with the value of the additional LEC fixed in such a wagt€C,,_.ax = 0. The scattering length turned out
to beald® = -1.52 fm [9]. Analyses of the measured binding energy of the tivstrange hypernucle%‘{He [22]
suggest that tha A scattering length could be in the range-df3 to —0.7 fm [23,124/ 25]. A first determination of
the scattering length utilizing data on the\ invariant mass from the reactidfC(K~, K*AAX) [2€] led to the result
adh = -1.2+ 0.6 fm [27].

One particular interesting aspect of the coupledd— EN — XX system is théd-dibaryon, a deeply bound 6-quark
state withJ = 0 predicted by J&e from the bag model [28], that should occur in this channel.f&8 none of the
experimental searches for thé-dibaryon let to convincing signals [26]. However, recgralidence for a bound
H-dibaryon was claimed based on lattice QCD calculations/399 31, 32]. Extrapolations of those computations,
performed form, = 400 MeV, to the physical pion mass suggest thatihdibaryon could be either loosely bound
or move into the continuum [33, 34].
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Figure 2.YY andZN integrated cross sections as a functiorpgf. The band shows the chiral EFT result at LO for variationshef¢utdf A as
discussed in the text. Data are from Ref! [21].

Unfortunately, because the mentioned additional congaist tannot be reliably fixed from the data in ®e- -2
sector, no immediate predictions can be made foHkdibaryon within chiral EFT. However, the framework can be
used as a tool to study the dependence of its conjectureéhbiedergy on the masses of the involved hadrons and,
thus, allows for an alternative extrapolation of the resudbtained in lattice QCD calculations at unphysical meson
and baryon masses, down to the physical point. In partiararcan fine-tune the “free” LEC to produce a botthd
with a given binding energy for meson- and baryon massegsponding to the lattice simulations, and then study
its properties|[19, 20] for physical masses. Note that at h©LECs do not depend on the meson masses (strictly
speaking, on the quark masses). Variations of the mesoresiassger only in the potential in EqJ (3), those of the
baryon masses (vj@ ) in the LS equatior{4).

Let me first consider individual variations of the masseshefinvolved particles. To begin with | examine the
dependence of thel binding energy on the pion mass, and keep all other (meson and baryon) masses at their
physical value. Corresponding results are displayed infF{teft). Adjusting the LEC so thatld binding energy of
13.2 MeV is predicted foM, = 389 MeV, corresponding to the result published by NPLQCI},[#i&lds the dashed
curve. The solid curve corresponds tédadibaryon that is bound by 1.87 MeV at the physical point, igth the
same binding wave number (0.23161finas the deuteron in thidN case. Enlarging the pion mass to around 400
MeV for the latter scenario (i.e. to values in an order thatesponds to the NPLQCD calculation [29]) increases the
binding energy to around 8 MeV and a further chang®/gfto 700 MeV (corresponding roughly to the HAL QCD
calculation [[30]) yields then 13 MeV.

Note that the dependence bty obtained agrees — at least on a qualitative level — with tregemted in Refl [33].
Specifically, our calculation exhibits the same trend (ae&se of the binding energy with decreasing pion mass) and
our binding energy of 9 MeV at the physical pion mass is withmerror bars of the results givenin[33]. On the other
hand, we clearly observe a non-linear dependence of thénlgjiilethergy on the pion mass. As a consequence, scaling
our results to the binding energy reported by the HAL QCD &lmdirationl[30] (30-40 MeV foM, ~ 700-1000 MeV)
yields binding energies of more than 20 MeV at the physicaitpahich is certainly outside of the range suggested in
Ref. [33]. However, it has to be said that for such large piasses the LO chiral EFT can not be trusted quantitatively.

Now let me look at the dependence of tHebinding energy on the masses of the involved baryons. In case
of the H-dibaryon one is dealing with three coupled channels, nam@l, ZN, andXX. Since we know from our
experience with coupled-channel problems [8,/10] 16, 3&] ¢bupling &ects are sizeable and the actual separation
of the various thresholds plays a crucial role, we expectraicerable dependence of tHebinding energy on the
thresholds (i.e. on thE, and on theZ andN masses). Corresponding results are displayed in[fig. 3eimigjint
panel. Note that the pion mass and the masses of the othelgsealar mesons are kept at their physical value while
varying theBBthresholds. For the isospin-averaged masses used in tra eatculation the thresholds are at 2231.2,
2257.7, and 2385.0 MeV, respectively. Thus, the physidétidince between theA andEN thresholds is around
26 MeV while theXx threshold is separated from the one Aok by roughly 154 MeV.

First | discuss the féect of theXX channel because its threshold is quite far from the on&afso that there
is a rather drastic breaking of the SU(3) symmetry. IndedtermtheX mass is decreased so that the nomEkal
threshold (at 2385 MeV) moves downwards and finally coineidéh the one of the\A channel (2231.2 MeV), a
concurrent fairly drastic increase in thebinding energy is observed, cf. the solid curve in Elg. 3 émults based on
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Figure 3. Dependence of the binding energy ¢f-gibaryon on the pion masd, (left) and on the€ massmg (right). The solid curve correspond
to the case where the LEC is fixed such tBgt= —1.87 MeV for physical masses while for the dashed curve it igifteeyield Ey = —-13.2 MeV
for M, = 389 MeV. The asterisks and crosses represent results wiesieles the variation afiy, mz + my = 2mj, is assumed so that tEN
threshold coincides with that of theA channel. The vertical (dotted) lines indicate the physicalandXX thresholds. The circle indicates the
lattice result of the NPLQCD Collaboration {31].
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Figure 4. Phase shifts in th&, partial wave in thé = 0 channel ofAA (a) and=N (b) as a function of the pertinent laboratory energies. THiid s
line is the result for our illustrativ@B interaction that produces a boukidat Ey = —1.87 MeV. The other curves are results for interactions that ar
fine-tuned to théd binding energies found in the lattice QCD calculations ef AL QCD (dashed) and NPLQCD (dash-dotted) Collaborations
respectively, for the pertinent meson (pion) and baryonsesas described in the text.

the interaction with a binding energy of 1.87 MeV for physicesses of the mesons and baryons. In this context |
want to point out that the direct interaction in e channel is actually repulsive for the low-energy fméents fixed
from theY N data plus the pseudoscalar meson exchange contributitimgepling constants determined from the
SU(3) relations|[8], and it remains repulsive even for LEQiea that produce a bourttdibaryon. But the coupling
between the channels generates a sizedbéet®eve attraction which increases when the channel thidslamme
closer. The dashed curve is a calculation with the contact fizked to simulate the binding energy (23vieV) of the
NPLQCD Collaboration aM, = 389 MeV. As one can see, the dependence of the binding enarthe® mass is
rather similar. The curve is simply shifted downwards byusa4.5 MeV, i.e. by the dierence in the binding energy
observed already at the physical masses. The asteriskg@sabs represent results where, besides the variation of
the XX threshold, theEN threshold is shifted to coincide with that of theA channel. This produces an additional
increase of théd binding energy by 20 MeV at the physical threshold and by 9 MeV for that case where all three
BBthreshold coincide. Altogether there is an increase in thdibg energy of roughly 60 MeV when going from the
physical point to the case of baryons with identical madsesto the SU(3) symmetric situation. This is significantly
larger than the variations due to the pion mass consideffedee

After these exemplary studies let me now try to connect withgublishedH binding energies from the lattice
QCD calculations [30, 31]. The results obtained by the HALORCollaboration are obviously for the SU(3) sym-
metric case and the corresponding masses are given in TabReff. [30]. Thus, one can take those masses and then
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fix the additional LEC so that theld binding energy is reproduced with those masses. To be dendree masses
Mp = 673 MeV andmg = 1485 MeV are used, and the LEC is fixed so tRgt= —35 MeV. When now the masses
of the baryons and mesons are changed towards their phyaicals the bound state moves up to t threshold,
crosses the threshold, crosses also2Nethreshold and then disappears. In fact, qualitatively dhiscome can be
already read @ from the curves in Fid.]3 by combining théfects from the variations in the pion and the baryon
masses. Based on those results one expects a shift bf bireding energy in the order of 60 to 70 MeV for the mass
parameters of the HAL QCD calculation.

In case of the NPLQCD calculation the values provided in [Z4] are taken. Those yield then 17 MeV for
the ZN-AA threshold separation (to be compared with the physicalevafuroughly 26 MeV) and 77 MeV for
the ZX-AA separation (physical value around 154 MeV). We also use tbeommasses of Ref. [36], specifically
M, = 389 MeV. With those baryon and meson masses again the LECeid $ix that thed binding energy given
by the NPLQCD Collaboration is reproduced, namily = —-13.2 MeV [31]. Again the masses of the baryons and
mesons are changed so that they approach their physicakvallso here the bound state moves up to and crosses the
AA threshold. However, in the NPLQCD case the state survivdsemains below th&N threshold at the physical
point. Specifically, an unstable bound state [37] is obskinehe=EN system around 5 MeV below its threshold and
a corresponding resonance at a kinetic energy of 21 MeV innthaystem

Phase shifts for tha A and=N channels are presented in Hijy. 4, for the relevant partiaé&,). The solid line
is the result for thé8Binteraction that produces a loosely boutdlibaryon withEy = —1.87 MeV. The phase shift
for the ZN channel, Figl (b), is rather similar to the one for #8 NN partial wave where the deuteron is found,
see e.g.l[4]. Specifically, it starts at *8@ecreases smoothly and eventually approaches zero i(@er émergies not
shown in the figure). The result fexA, Fig.[4 (a), behaves ratherfflirently. The pertinent phase commences at
zero degrees, is first negative but becomes positive witQiM&V and finally turns to zero again for large energies.
This behaviour of the phase shifts was interpreted_in [194 aggnature for that the bourtd-dibaryon is actually
predominantly a (boundN state. Indeed, in that work it was argued that it follows adie from the assumed
(approximate) SU(3) symmetry of the interaction, that ahgibaryon is very likely a boun&N state rather than a
AA state.

The dashed curve corresponds to the interaction that wed fittthe result of the HAL QCD Collaboration and
reproduces their bouni-dibaryon with their meson and baryon masses. The resulgiiid are those obtained
with physical masses of the mesons and baryons. The phdsefdhie EN channel shows no trace of a bound state
anymore. Still the phase shift rises up to arouné B@ar threshold, a behavior quite similar to that of tBg NN
partial wave where there is a virtual state (also callecbantnd state [37]). Indeed, such a virtual state also seems to
be presentin thEN channel as a remnant of the original bound state. Tieeof this virtual state can be seen in the
AA phase shift where it leads to an impressive cusp at the ogefithe=N channel, cf. the dashed line in Fig. 4 (a).

The EN phase shift for the NPLQCD scenario (i.e. for the interactizat reproduces their bourt-dibaryon
with their meson and baryon masses), see the dash-dottegl, aarts at 180 a clear indication for the presence
of a bound state. However, in this case the bound state i®natdd below theé A threshold but above, as already
mentioned before. Consequently, the correspondingphase shift exhibits a resonance-like behavior at the gnerg
where the (now quasi) bourtd-dibaryon is located.

Phase shifts for th&S, XX partial wave can be found in Ref. |20]. The predictions ofttivee considered cases
for this channel are practically the same.

5. Summary

Chiral gfective field theory, successfully applied in Ref. [4] to thll interaction, also works well for the baryon-
baryon interactions in the strangen&s —1 (AN — XN) andS = -2 (AA — EN — X¥) sectors. As shown in our
earlier work, already at leading order the bulk propertigh® AN andXN systems can be reasonably well accounted
for. The new results for thé N interaction presented here, obtained to next-to-leadidgran the Weinberg counting,
look very promising. First there is a visible improvementtie quantitative reproduction of the available data\®h
andXN scattering and, secondly, the dependence on the regtianzgheme is strongly reduced as compared to the
LO result. Indeed the description of tiYeN system achieved at NLO is now on the same level of quality aitte
by the most advanced meson-excha¥d&interactions.
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The recently reported evidence for the so-caltedibaryon from lattice QCD calculations stimulated us te in
vestigate also the quark-mass dependence of binding esdagibaryon-baryon systems in the strangeigess—2
sector within the chiral EFT framework. Here | presentediitssof an analysis performed at leading order in the
Weinberg counting. We found rather drastieets caused by the SU(3) breaking related to the values dhtbe
thresholdsAA, XX andEN. For physical values the binding energy of tHds reduced by as much as 60 MeV as
compared to a calculation based on degenerate (i.e. SU8siric)BBthresholds. Translating this observation to
the lattice QCD results reported by the HAL QCD Collabonatjd0], we see that the bound state has disappeared at
the physical point. For the case of the NPLQCD calculalidi},[8 resonance in th&A system might survive.
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