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o Abstract

—
)

For resonances decaying in a finite volume, the simple ifiesiion of state and eigenvalue is lost. The extraction efsttattering
amplitude is a major challenge as we demonstrate by exttipglthe physicaf;; amplitude of pion-nucleon scattering to the
finite volume and unphysical quark masses, using a unithdh@al framework including all next-to-leading order ¢act terms.
O We show that the pole movement of the resonamé@$35)1/2- andN(1650)%/2- with varying quark masses is non-trivial. In
@ addition, there are several strongly coup&eavave thresholds that induce a similar avoided level crasas narrow resonances.

The level spectrum is predicted for two typical lattice gstuand ways to extract the amplitude from upcoming lattizt ére
N 'discussed.

— Keywords: Multi-channel scattering, Chiral unitary approachesy®arresonances, Lattice QCD, Finite voluntieets
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! 1. Introduction generation has been investigated]r@—lZ] comparing Wigh t
) ) . . extracted multipoles and helicity amplitudes from the SAtal

@' Pion-nucleon scattering has traditionally been the preraie MAID analyses|[18C16]. Of particular interest is the gauge i
- .action to study the resonance excitations of the nucleon. 104iant scheme developed for the fulf-shell Bethe-Salpeter

particular, in theS;; partial wave one finds two close-by res- equation |l_l|7] that has been applied to pion and eta photopro-
— ‘onances at 1535 and 1650 MeV, which overlap within theiry ction BD?]

— 'widths of about 100 MeV. It was pointed out early in the frame-
LO) .work of unitarized coupled-channel chiral perturbatioadty
O [E|] that theN(1535)%/2~ might not be a three-quark resonance,

but is rather generated by strong channel couplings withnado
<|'_ inantKX — KA component in its wave function. This analysis
O\ ‘was extended in Ref.J[2], where within certain approximasio
O 'the dfects of 3-bodyrzN channels were also included. Further
() .progress was made in Reff] [3], where tBg phase shift was
_F! fitted from threshold to aboW = +/s ~ 2 GeV together with
= ‘cross section data for p — pnandz™p — KOA in the re-

'>< spective threshold regions. More recently, it was pointetdro

P

Finally, lattice gauge simulations have rapidly evolved an
the spectrum of excited baryons starts to become accessible
in particular also for the)® = 1/2- sector@S]. As quark
masses come closer to the physical limit, finite volurfiects
dominate the lattice spectrum. Further, as resonancdstatar
decay their signal on the lattice is lost. Still, Lisches Baown
how to model-independently extract phase shifts fromdatti
levels ] (see aIsHlZG]). For example, Lang and Verrduc
recently provided such levels above threshold, for the tiirst
in the JP = 1/2 sector [L_;LB]. Luscher's method can be com-

. bined with dfective field theory to study baryonic resonances
a state-of-the-art unitary meson-exchange mddel [4] tieret and their width in the finite vqumﬁtEﬁzs . The extension to

| -

(D 'is indeed strong resonance interference betwee_n theStwo coupled channels has been pioneered in Ref. [29] (sed 8o [3
resonances, as each of these resonances provides an energys . . .

. . d further applied to excited mesohs| [@—33]. Forféedent

dependent background in the region of the other. In Ref. 5 roach. see Reﬂ34]
the coupled-channel problem in td8 = 1/2 (with J the spin PP i ' B o ] o
andP the parity) sector was addressed, for the first time, using YSiNg these techniques in combination with the unitarized
the full off-shell Bethe-Salpeter equation and all contact term&iral approach of Refl[5], we predict in this Letter the teni

of the leading and next-to-leading order (NLO) in the chéned vqume_IeveI spectrum of th8;1 par_ti_al wave, extrapolated to _
pansion of the meson-baryon interaction. Remarkably, nigt o unphysical quark masses. In addition, we test the hypathesi

the N(1535)/2- emerged from the meson-baryon dynamics that the hidden-strangend€¥ channels provide the crucial dy-

but also theN(1650)/2- could be predicted without being in- 'namics for the resonance generation by applying twistedtou
cluded in the fit. ary conditions for the strange quark. As we will show, the in-

terplay between thresholds and resonances is very irgrarat

Another source of experimental information on the = need to be accounted for in any extraction of resonance prop-
1/2- and other resonances is provided by the dedicated baryon Y brop

resonance programs at ELSA, MAMI andideson Labﬁbl]?]. girrtr:(iaIZrm rtglseﬁ?er;';‘ | wave (and for other processes thaibébh
On the theoretical side, the concept of dynamical resonance prop '
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2. Framework Herel g denotes the scalar one-meson-one-baryon loop inte-
gral. The factor in parenthesis in the second line yields

2.1. Pion-nucleon scattering in the infinite volume
g (.)=2M+7 " Pos. (4)

In the present work we rely on the model for the description,ere Pems denotes the baryon three-momentum in the c.m.
of meson-baryon scattering in the first and second resomence frame. This demonstrates theffdrence to another on-shell
gion as developed in Ret/[5]. There, the Bethe-Salpeteaequ scheme that is widely used in the literature (see, e.g.,. f&fs
tion has been solved including the fulifehell dependence of [10]) in which the termy - pypsis omitted.

the chiral potential. The latter has been chosen to consist o The renormalization of loop divergences in non-pertusaat

ZU;?C;I;?:;S t?;rf)llr;tw aezghsaencgggrgglg f(r)(;(rjr?;hgrgggri]r?rz\i,:g | rf]rameworks is known to be complicated. Relying on the argu-
cluding two-body channels with quantum numbers of the plon-memS given In e SD@—S]’ we utilize dimensional regutari

! . i lyi h h . The fini f |
nucleon system, the model describes$hgpartial wave rather E)Oon, i?]?g Xi';]l%etassuiild:‘i‘:rssS;cZTi?ne difnelggﬁ)ggrt of scalar
well up to quite high energies, i.eWW < 1800 MeV. In par- pinteg P

ticular, this framework allows for a dynamical generatidn 0 . 4.4 m\ M2-nmP+s M
both negative-parity nucleonic resonances, M@535)1/2- Ive = 1672 -1+ 2Iog(;) L — Iog(—) B
andN(1650)1/2.’. | . . APems 2Pcms V'S

For two-particle scattering, we denote the in- and out-goin - NG arctanf((mT)Z_s)] ., ()

meson momenta bg; andqp, respectively. The overall four-
momentum i = g1+ pP1 = g2+ P2, Wherep; andp; arethe mo-  wherey is the regularization scale angys is the modulus
menta of in- and outgoing baryon, respectively. For theaugit of the center-of-mass three momentum, expressed in terms of
meson-baryon scattering amplitu@éq, g;; p) and the poten-  the Kallén function agems = A1Y%(s. m?, M?)/(2+/9). Thepu—

tial V(a, q1; p), the Bethe-Salpeter integral equation reads in dependence would be canceled by the corresponding scale de-

dimensions pendence of the higher-order counter terms. Dealing with a
non-perturbative framework with only a finite number of term
T(02, a1; p) = V(02,d1; P) (1) being iterated, such a cancellation is not possible, wiidhe
. dde V(qe. & p) (p— £ + M) T(£,q1; p) reason why in most comparable approaches this scale is ssed a
20 (—M21i)(p-07—nP+ie)’ a free parameter. Here we fix it to the values (in GeV) found in

fitting strategy Il of Ref.EB], namely log{/(1GeV))= -0.368,
wherem andM denote the mass of baryon and meson, respedo9(,/(1 GeV))= 0.056 and loggx /(1 GeV))= 0.210.
tively. This equation has to be understood as a matrix eguati  The following hadron masses and decay constants are used
in channel space, and the channel space is constructed from(all in MeV):
certain number of the allowed combinations of one grouatiest

octet meson and one ground-state octet baryon. For isospin my = 939, M, =138, F,=924,
| = 1/2 and strangenes® = 0 the channels areN, nN, KA, my = 1195, Mk = 495, Fgx = 1130,
andKZX. The propagator is diagonal in channel space.

propag 9 P my = 11157, M, =547, F, =13F,.

By maintaining the full &-shell dependence, the identifica-
tion of every term of Eq.[{1) with Feynman diagrams is en-The free parameters of the model are given by 14 low-
sured, which for instance allows for the construction ofagga  energy constants of the next-to-leading chiral order, appe
invariant photoproduction amplitud [8] in a very naturayw ing in the potentialV. All 14 parameters are adjusted here
However, in a finite volume the Passarino-Veltmann reductio to reproduce the current SAID solutioln__[14] for the real and
utilized for the solution of Eq.{1) in Refs.|[5| 8] is a-prior imaginary part of theS;; partial wave in the energy region
no longer applicable. To overcome this complication we Bet a 1080< W < 1800 MeV. The errors are assigned as described
tadpole integrals to zero in this solution, which puts fatamce  in Ref. B], namelyAS;; = 0.005 forW < 1280 MeV and
the potentiaV on the two-particle mass shell. This simplifies AS;; = 0.030 for higher energies.
Eqg. (1) to the following algebraic equation The best fit of our model is presented in Hig. 1. The fitted

parameters are (at in GeV1):

Ton — VOI’] + VonGTon , (2)
b; = -0.765 bs = —1.043 b;; = -1.220
where all elements are again matrices in channel space and th  p, = +0.924, b; = +5.919 bo = -1.186
remaining loop functioi® reads bs = —2.610 bg = +0.732 bp = +1.173
oo ddg p—{+m by = +0.892 by = -1.304 br = -0.624
= (27)d (£2 = M2 +i€)((p — £)? — M2 + i€) bs = +0.023 bio = +1.401
p? - M2 + i - : -
- ( p . " m) I . (3) Note that these fit parametersidr from those in RefL[8] due
2p to the on-shell approximation performed here.
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Figure 1: TheS;; amplitude. Upper panel: Best fit of the model to the en-
ergy independent solution of the PWA by the SAID grolug [14dRsolid) d i 1
and blue (dashed) lines represent the real and imaginatyopaur solution, Ivg = g i i
respectively, whereas the vertical dashed lines corraspmihe two-particle 2n)* (p—g)2-m+ieq2— M2 +ie
thresholds. Lower left panel: Riemann sheet connectedeltysical axis d3
between the)N and theKA threshold. Right: sheet connected to the physical = _q f(|q|) ,
axis betweerk A andKZ threshold. See text for the labeling of the poles. (2n)3
w + w

At the pion-nucleon threshold we extract the scattering ~ [(d) = 20m(0) wm(0) s - [wm(Q) + wm ()] + i€
m

length to bea}rf\,z = 113 GeV?, which is somewhat smaller

than in the earlier analysis of Refl [8], i.a;¢ = 1.22 GeVY.  yherewn(q) = VT @ andwm(d) = VMZ+ . Using
The analytic structure of the amplitude is shown in the twogq. [9), this expression yields the finite-volume propaghie
lower panels of Fid.]1 for two sheets. The left panel shows thenat still requires a regularization. We can proceed sintia
Riemann sheet that s directly connected to the physicalzed  Ref. [32] to expreséys as
tween thegN and theK A threshold as indicated with the thick
horizontal bar. Performing the analytic continuation & tat- ive = lve + Alvs (11)
tering amplitude we locate the poles on this sheet at
with the advantage that the regularization of the infinitieiree
Wh1s35) = (1487—i 84) MeV, is manifestly contained ityg, while Alyg is the finite difer-
Wi = (1675-i103) MeV (hidden) (6) ence between the infinite-volume and the finite-volume expre

sion, given above threshold by
where one pole can obviously be identified with the

N(1535)%/2- resonance and another on¥) is hidden behind

< |dl<Qmax
the KA threshold. Apart from poles, we find on this sheetalso | = o | o _ {i & °q }
a zero aWp = (1592- i 62) MeV. The SAID group found a L3 (2n)3
zero atWp = (1578-i 38) MeV @]. On the sheet connected to q <
the physical axis between theA and theKs threshold (right o 1L 1 Lo 1 & 1
panel), we find the pole of thd(1650)1/2" at 2SS pins— Q2 + i€ 2V L3 44 plins— P
Wiyiss0) = (1658— i 94) MeV. 7 1 Pems|  Omax— Pems)  1Pems |

(1650) = ( ) (7) + ey (qmax+ > log — pcms) t o N Foen,

Again, for the more precise determination of the pole posti (12)

and scattering lengths, using the fulf-ghell solution of the

Bethe-Salpeter equation, we refer the reader to originallea where the ellipses stand for the exponentially suppresseatst
lations B ]. In any case, the values found here are weliiwit Below threshold, the last term on the r.h.s. becomes re&leas t
the limits quoted by the Particle Data Grom[BB]. analytic continuation opcms becomes imaginary.

We do not perform an error analysis on the extracted low Moreover, as seen from E@.{12), one may in fact remove here
energy constants or amplitudes as performed in Ref. [8]. Théhe cutdf, sendingGmax — 0. Indeed, one should obviously
error we are interested in here is the one expected for the fini take agmax Such thatpZ, < g2, in the whole region of interest
volume spectrum extrapolated to unphysical masses. THis wito us. If we sum and integrate frofpax t0 05 With Opax >
be discussed below. Omax the denominatgp?,,«— g is not singular and, according to



the regular summation theorem, only exponentially ?ﬁm@s N fields,
corrections may arise. Finally, noting that (see, e.g. | . . i " _ig
y y g that ( 9. ) KE(x + L&) =e"K*(x), K(x+L8&)=e""Kx),

KOx + L&) =€e%KO(x), =*(x+L8)=¢€iz*(x),

|0 <Omax A
. 1 1 Omax Zoo(1, pz) ” 0 ” "
R |= S @ P(x+L8) =€), A(x+La)=émA,  (16)
effectively leading to a change in the summatior] [31] over the
where § = (pL)/(2r) and Zoo Stands for the Liischer zeta- lattice momenta of th&Y channels,
function @l ], we can identifly,g with the Lischer function 2 2 0
up to exponentially suppressed terms Z f (’q =T ”') - Z f ('q =Nt [’) ’ (17)
P 1 1 0) +i Pcms 14 where# is the twisting angle and antiperiodic boundary condi-
MB = IMB ™ 32 \/gLZOO( P 875 (4)  tions in all three space dimensions correspond to (z, r, ).

The summations for theN andnN channels are notfiected.

In practical terms, we obtain the finite volume propagator byJsing Eq. [1¥) for thef of Eq. {10} it is straightforward to ob-

substituting the imaginary part of the infinite volume prgpa  tain the antiperiodic finite volume propagator from Eg.1(15)
tor according to The summation for antiperiodic boundary conditions can be

simplified by using properties of the elliptity-function as de-
(15) rived in Ref. @].
The eigenlevels in the finite volume are given by the poles of

with Gs andGs defined in Eq. (15) of Ref [32] andr from the solutioriT of the coupled-channel scattering equation
Eq. (3). The summation over lattice momenta can be simpli- . 2 _ M2
. . on on, p +
fied by the use of thé—series([38]. It should also be stressed T =V +V>GT, G=|p 202
that up to exponentially suppressed terms this is equivében .

the K-matrix formalism developed in Ref. [31]. A very similar with iyg from Eq. [I5). The finite volumeftects arise, thus,
approach to evaluate the discretized version of dimenBjona entirely from the modified propagatGrin the various channels
regularized loops has been developed in Ref. [39]. while the contact interactiong®” remain unchanged.

Hybrid boundary conditions were introduced in REf) [40]to Rotational symmetry is broken in the finite volume. As it
distinguish scattering states from tightly bound quarkiearark s well known ], theS-wave amplitude considered here
systems. Similarly, as proposed in Reﬂg___l[ , 32], twistedmixes withG-wave amplitudes. We neglect thifect because
boundary conditions provide the possibility to change ghre the centrifugal barrierféectively suppresses tii@wave ampli-
holds in lattice gauge calculations. This provides a unigie  tude up to the considered energies. In principle, there argym
portunity to study the nature of resonances that lie closa to more open channels that are neglected in this work, staating
threshold like, for example, thi(980) with regard to thé&KK  the zzN threshold. A (still incomplete) coupling scheme for
threshold [[411]_42], because the twisting moves the threshold” = 1/2- can be seen in Table IX of Ref. [43]. Thoséeets
while the resonance stays put. We realize that it could b qui are relevant especially in the meson-baryon seadﬂﬂﬁ, 4
challenging to implement this idea (including twisting te  but in theS;y; partial wave the inelasticities are dominated by
sea quarks) in present-day lattice simulations. the yN channel and féects fromzzN and other multi-meson-

In chiral unitary approaches, th(1535) andN(1650) reso- ~ States are neglected in this exploratory study. Pioneevorg
nances exhibit a very strong (sub)threshold coupling tckthe O study, at least in principle, three-body systems in thigefin
andKz channels. In fact, thal(1535) is often seen as a qua- Volume have emerged recently [451-49].
siboundKY state in that picturé [1]. If one imposesfi@rent In the present work, we restrict ourselves to the prediction
boundary conditions on the strange quark than on up and dowand study of lattice levels in the overall center-of-masasiie.
quarks, one expects a strong response of these resonatioes toMoving frames provide additional levels affigirent scattering
modified boundary conditions. This would be in contrast to th energies and are nowadays a standard tool in lattice calcula
picture in which these resonances couple only moderately ttions [50-57]. The extension of the present formalism to mov
the KY-channels. In that case, a modification of the boundaryng frames is in principle straightforward and has been wdrk
conditions would only have minor impact. out in Ref. Eﬁ] although it has to be stressed that the group

With this idea in mind, we formulate the discretization Structure of the spisz spin-0 system is slightly dierent [59],
for maximally twisted, i.e. antiperiodic boundary condits.  |et alone the fact that other channels (gof\) couple with dif-
Twisted boundary conditions for the strange quark have beef¢rentangular momenta to th#€ = 1/2" sector [43].
introduced in Ref.|E1]s(x + L&) = é%s(x) where theg| are
the unit vectors along the lattice axes ane @, < 27. Ifthe 3 Regults
up and down quarks remain with periodic boundary conditions
i.e. u(x+ L&) = u(x), d(x + L&) = d(x), the twisting angle The prediction of the energy levels on any specific lattice re
appears only in th&, A, andX fields, but not in ther, n, and  quires the knowledge of the meson and baryon masses as well

4

|~MB = Rel{\i,l”B +0lyg, Olve = G~s - ReGsg

mz + m) rMB (18)
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Figure 2: Upper panel: Real (solid line) and imaginary peeshed line) of
the S;1 amplitude, chirally extrapolated using masses and decagtants of
the ETM collaboration. Lower panels: two of the Riemann sheéth poles.
Labeling as in Fid.11.

as the meson decay constants calculated on this lattice.iWe w *{__—m———— |

rely here on two dferent parameter sets, determined by the Eu- 2 22 24 26 28 é-saA 32 34 36 38 4
ropean Twisted Mass (ETMC) and the QCDSF collaborations. LM

Figure 3: Volume dependence of the energy levels predicgealib model for
3.1. SetA-ETMC I = 1/2 =N scattering for periodic (upper) and antiperiodic (loweouhd-
. . ary conditions. Masses and pion decay constant are takem BHDMC, see

In this setup the meson masses and pion decay constant atérs. [eb[ 61].

taken from the recent calculation Ny = 2+ 1 + 1 twisted

mass lattice QCD, i.e. ensemi®25.32 of Ref. [60]. For the Comparing to Figl11, all thresholds have moved to higher en-
lattice size ofL/a = 32 and spacing@ = 0.078 fm, the pion ergies. The cusp at thgN threshold has become more pro-
mass is fixed there td, = 269 MeV, whereas the strange nounced, but no clear resonance shapes are visible. Thee stru
quark mass is held approximately at the physical value. As thture of the amplitude becomes clearer by inspecting the com-
kaon and eta decay constants are not available in this ealculplex energy plane on flerent Riemann sheets. This is visu-
tion at the moment, we decide to relate thenfFtowith typi-  alized in the lower panels of Fifgl 2. The Riemann sheets and
cal ratios of 115 and 13, respectively. The baryon masses arelabeling of the poles are the same as in Elg. 1. The pole posi-
also taken from a calculation by the ETM collaboration, how-tions are

ever, with only two dynamical quarks and an older lattice ac-

tion, see Ref[61]. Nevertheless, the strange quark massds Wytieas) = (1714— i 14) MeV (hidden)

again approximately at the physical value avigd = 269 MeV Wﬁ/et A — (1839-i67) MeV (hidden)

for the identical lattice size and comparable lattice spgdie. Set A _ )

a = 0.0855 fm. Altogether, the assumed parameters in the finite WRso) = (1817~ 156) MeV (hidden) (19)

volume read in MeV: Compared to the physical point, the imaginary parts of tHe po

positions became much smaller due to the reduced phase space
ot A et A et A Both the thresholds and the real parts of the pole positions
=1359, M= "=535 F&""=1174, have moved to higher energies. However, the thresholds have
myetA=1295 MpPetA=589, F>eA=1327. moved farther than the pole positions, such that Nt{&535)
andN(1650) poles are no longer situated below the part of the
With these parameters we first discuss the infinite-volunamegu respective sheet, that is connected to the physical axisk(th
tities. The scattering length read.%2 = 0.73 GeV'! and is  horizontal lines). The poles are thus hidden and no cleax res
around 35% smaller than the one at the physical point. This isance signals are visible in the physical amplitude. Irtstdee
due to the NLO terms, which become quite large already at theamplitude is dominated by cusffects.
nN threshold. Having analyzed the infinite-volume solution, we now turn to
The S;; amplitude, with the masses and decay constants dhe finite-volume spectrum. By discretizing the model as out
the ETM collaboration, is shown in the upper panel of Eig. 2.lined in Sec 22 we obtain the prediction for the volume aepe

5

myetA=1142, MZA=269, F*'A=1021,



dence of the energy levels shown in Fij. 3. In the upper panel, Revs [MeV]

the spectrum for periodic boundary conditions is shown. The 13?& 1“‘00 1‘500 , ‘::.62; ‘N ‘1700 —
lowest level at therN threshold exhibits the characteristifL £ E / \\\ KA ]
dependence that can serve to calculate the (attractivegsng ¢ -3¢ Lo E
length. - 0? E

Similarly, the next level is situated close to thie threshold.  ® 3
This level is not induced by the presence of a resonance but a .o st I

genuine &ect of anS-wave threshold in a multi-channel prob-

lem. Such inelastic thresholds induce the same avoided leve

crossing as resonances, discussed in detail in Refs| [31, 32 of

One striking example discussed there is the one off(#80)

close to theKK thresholds: irrespectively of whether the res-

onance is present or not, there is avoided level crossing, an

the levels are only slightly shifted if the resonance, dlbeing

so narrow, is present. Thus, the level below iiNthreshold ‘19106‘ ‘1110‘0‘ ‘15‘0‘0‘ ‘1e‘so‘o ‘ ‘15‘0‘0‘ ‘ ‘1‘550‘ ‘ ‘1‘666 650

shown in Fig[B cannot pe attributed to tN¢1535) resonance. Revs [MeV] Revs [MeV]

In any case, th&l(1535) is on a dferent sheet and, moreover,

hidden as discussed following Fig. 2. Figure 4: Upper panel: Real (solid line) and imaginary peésped line) of
The foIIowing two levels beyond thﬂ\l threshold. are more the S;1 amplitude, chirally extrapolated using masses and decagtants of

difficult to interoret. The ,both show a plateau th,at hoWeverthe QCDSF collaboratioth [52]. Lower panels: two of the Riemaheets with

- pret. ) Yy _ p ’ poles. Labeling as in Fif] 1.
cannot be uniquely attributed neither to & threshold nor

to the hidden resonances. The rather involved interplay be-uark masses. Mostimportantly. while the lattice size s
tween hidden poles and threshold openings hinders thglstrai q ’ b Y, . quad
forward extraction of resonances. ing are comparable to those of the ETMC, ilela = 32 and

i ) a = 0.075 fm, the strange quark massfdrs significantly from
The lower panel of Figl3 shows the level spectrum if an

L > . “the physical value. The latter results in dféeient ordering of
tiperiodic boundary conditions are applied to the strangrk;

. : hi Its | h the masses of the ground-state octet mesons and, condgguent
As discussed in SeC. 2.2, this results in unchanged propagat in a different ordering of meson-baryon thresholds. For further

for the zN andyN channels, while th&Y channels undergo yetais we refer the interested reader to Refl [62]. Altbget
modifications. In particular, the summation over lattice-mo the lattice input for our calculation reads

menta is shifted from the origin, resulting in a finite[@mti
momentum for theKY pair at rest, of+(x/L, n/L, /L) [31]. ‘B Set B Set B
Accordingly, the singularities at th€Y thresholds, induced by e . = 1020, Mge . = 286, Fge . = 1066,
the denominator of in Eq. (I0), are shifted and the avoided et B= 1155, MR*'B=482, F2*'B=1153,
level crossing associated wi-wave thresholds disappears. myetB=1111, MP*'B=619, F;*'B=1278,
Indeed, the third and fourth level, that showed avoidedszros

ing with periodic boundary conditions, have a veryfelient \here the meson decay constants have been calculated from
L-dependence with antiperiodic boundary conditions as[#ig. next-to-leading order chiral perturbation theory. Two dow
shows. In particular, the plateaus have disappeared. energy constants enter the calculation, for which the wiaitid
Even for the second level, below th®l threshold, we ob- tice results were taken frorﬂ63], i.e4 = 0.04 andLs = 0.84.
serve small changes of the-dependence, even though the As discussed before, the NLO contributions become quite
boundary conditions are only changed for the higher-liin§  |arge already at energies slightly above thé&l thresh-
channels. This demonstrates that changes of the boundaty caold, adding up destructively with the contribution from the
ditions for the strange quark can indeed have @@iecefor the  Weinberg-Tomozawa term. This reduces the scattering engt
sub-threshold dynamics. compared to the one calculated with the physical parameters
In summary, the resonance poles for the ETMC setup lie otike in the ETMC case. However, for the QCDSF values
hidden sheets. Plateaus of thalependence of the levels are the KX threshold lies closer to theN threshold than in the
rather tied to two-particle thresholds than to resonanaed, physical or in the ETMC set. Consequently, tK& loops
neither with periodic nor antiperiodic boundary condig@ndi-  contribute stronger to the pion-nucleon scattering argés,
rect access to thB(1535) orN(1650) resonances is possible. which yields an overall pion-nucleon scattering Iengthf;{{l:f =
In Sec[3.B we discuss strategies how to proceed in such a cadel8 GeV!. This is almost the size of the physical value and
larger than in the ETMC set discussed before.

3.2. Set B - QCDSF The scattering length depends on the input masses and decay
constants, let alone the model dependence. However, f@& non
For the second set of parameters we choose a setup employadour parameter configurations we observe such a laige
by the QCDSF coIIaboratioHn?[_bZ]. Here, baryon and mesorscattering length as reported by Lang and Verdudi [18],rthei
masses are determined from an alternative approach tohane tvalue being 38 + 1.4 GeVL.
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almostL-independent level very close to the position of the
pole. As the resonance is quite narrow, one might identify th
level with theN; pole, although there are, of course, still finite-
volume corrections.

KN While the extraction of th&\; pole is quite promising for the

KA parameters used by the QCDSF collaboration, one should stil

‘ realize that this pole is on afiérent sheet than the one of the
N(1535) or theN(1650). It is not evident what happens to this
pole as the masses and decay constants approach the physical
point and thus the various thresholds get ordered correctly

W [GeV]

j7rN

2:8 3 3:2 3:4 3:6 3:8 4
L (/M) 3.3. Discussion and outlook

The negative paritys;; partial wave in meson-baryon scat-
tering is very complex due to many threshold openings and two
resonances, one of which strongly coupling to i chan-
nel. Those resonances are also believed to have a strong sub-
; threshold couplings to thKY channels. Fitting the physical
KZgN amplitude and thus fixing low-energy constants and scales, w
‘ use the quark mass dependence of the Weinberg-Tomozawa and
L the NLO contact terms to predict the amplitude for typic# la
o FHE S S S S S R tice setups. Depending on the masses and decay constants, re
E—————— s K onance poles may become hidden behind thresholds as in case
T T T Y et ™Y _of the ETMC s_etup. In the QCDSF setup, there is one pole vis-

L [L/MS=®] ible as a prominent resonance on the physical. Howeverain th
setup the threshold ordering is reversed and it is not cléat w
happens to this pole as the quark masses are lowered.

W [GeV]

Figure 5: Volume dependence of the energy levels predicgenlib model for

| = 1/2 =N scattering for periodic (upper) and antiperiodic (loweouhdary Fo_r these am_p“tUdeS at unphysical quark masses, we have
conditions. Masses and decay constants are taken from lthdation by the  predicted the finite-volume level-spectrum. Resonancesllys
QCDSF collaboration, see Ref. [62]. manifest themselves in avoided level crossing. Howeves:in

. . . .wave there is the additional complication that inelastresh-
The amplitude using the QCDSF parameter set is shown in, "~

. olds induce the same pattern. If resonances are close &hthre
the upper panel of Figl 4. In contrast to the ETMC case, a clear

resonance signal is visible below tKe\ threshold, that is the olds, itis very dificult to dlsentangle the dynamics, as is ob-
ST . T . served for both setups studied. THheeet of theKY thresholds
first inelastic channel in this parameter setup. Indeed, me fi

) . o .may be reduced by introducing twisted boundary conditions f
a poleN; on the corresponding Riemann sheet, as indicated he strange. Indeed, for the QCDSF setup we observe an al-
the lower left panel. Unlike in the ETMC case, itis not hiddenmostL-inde. endent I’evel close to the resonance position. This
behind a threshold. Between tieA and theKX threshold, P P ;

there is only the hidden pols, (right panel). The<z andyN shows that changing the boundary conditions promises thdee

for a cleaner resonance extraction, although the techreed
thresholds are almost degenerate and on sheets corresgondi g

. . , : ization on the lattice is intricate. In any case, modifiedrtary
o thgse h|gher-ly|.ng thresholds we only find hidden poldze T conditions for the strange quark shed light on the naturbef t
precise pole positions are

JP = 1/2" resonances and their supposed strong coupling to
Wﬁft B = (1562-i38) MeV, the hidden strangeneks channels.

Wﬁft B_ (1479— i 34) MeV (hidden) (20) In R_ef. @] it was discusset_j how to combine lattice data
from different boundary conditions to extrapolate resonances

Discretizing the present model as described in Get. 2.2 we olin a two-channel problem to the infinite-volume limit. If one
tain the energy levels shown in F[g. 5. For periodic boundarymakes minimal assumptions on the smoothness of the poten-
conditions (upper panel) we observe that most of energydevetial, information from diferent energies may be combined to
are close to the two-particle thresholds for latgeAt the po-  allow for a quantitative resonance extraction. A complitaen
sition of theN; pole, there is a level. However, we have hereway to obtain more information from the lattice, without Iray
a pole close to a threshold, with a second channel open. This change the volume, is the use of moving frames. Unlike the
is precisely the situation of th&(980) discussed in depth in 7z case, in meson-baryon scattering there are, however, many
Ref. Ei]. In the following section we discuss strategiesite  large higher partial waves of fiiérent parity, and the disentan-
tract the amplitude in such cases. glement of theS-wave contribution might becomefticult.

Using antiperiodic boundary conditions for the strange In summary, we have shown that due to the many thresholds
quark, as shown in the lower panel of Hg. 5, the singularitythe N(1535) and\(1650) may become hidden in a unitary chi-
at theKA threshold is removed. In that case, we observe amal extrapolation of the amplitude to unphysical quark reass

7



The extrapolation to the infinite volume poses additionabpr
lems due to a complicated threshold-resonance interptayre

ing special techniques as modified boundary conditionsgo di

entangle the resonance dynamics.
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