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One	
  may	
  address	
  this	
  problem	
  through	
  the	
  modern	
  perspec(ve	
  of	
  
	
  Chiral	
  Perturba(on	
  Theory	
  (χPT):	
  effec(ve	
  theory	
  with	
  hadron	
  
degrees	
  of	
  freedom	
  which	
  respects	
  the	
  symmetries	
  of	
  QCD,	
  in	
  
par(cular	
  the	
  (spontaneously	
  broken)	
  chiral	
  symmetry.	
  
In	
  ordinary	
  χPT:	
  
à 	
  convergence	
  restricted	
  to	
  low	
  energy	
  physics	
  
à 	
  not	
  adequate	
  close	
  to	
  bound-­‐states	
  (pole	
  in	
  the	
  T-­‐matrix)	
  

With	
  these	
  non-­‐perturba(ve	
  methods	
  several	
  known	
  resonances	
  have	
  
been	
  generated	
  as	
  poles	
  in	
  the	
  scaWering	
  amplitude	
  (quasi-­‐bound	
  states)	
  
and	
  many	
  hadron	
  reac(on	
  cross	
  sec(ons	
  have	
  been	
  nicely	
  reproduced.	
  

Unitarized	
  non-­‐perturba(ve	
  schemes	
  (UχPT	
  )	
  allow	
  to	
  
extend	
  the	
  predic(ve	
  power	
  of	
  the	
  chiral	
  theories.	
  

Describing	
  the	
  dynamics	
  of	
  hadrons	
  at	
  low	
  energies	
  
from	
  the	
  QCD	
  Lagrangian	
  (quark	
  and	
  gluon	
  d.o.f.)	
  is	
  a	
  
highly	
  non-­‐perturba(ve	
  problem	
  



(a	
  nice	
  example	
  of	
  the	
  success	
  of	
  non-­‐perturba(ve	
  chiral	
  approaches)	
  

	
  Kbar-­‐N	
  scaWering	
  in	
  the	
  isospin	
  	
  I=0	
  channel	
  is	
  dominated	
  by	
  the	
  presence	
  of	
  the	
  
Λ(1405),	
  	
  located	
  only	
  27	
  MeV	
  below	
  the	
  Kbar-­‐N	
  threshold	



The	
  case	
  of	
  the	
   Λ(1405)	
  

•  Back	
  in	
  1950,	
  Dalitz	
  and	
  Tuan	
  already	
  proposed	
  that	
  the	
  Kbar-­‐N	
  interac(on	
  is	
  
aWrac(ve	
  enough	
  to	
  generate	
  a	
  quasi-­‐bound	
  state,	
  the	
  Λ(1405),	
  below	
  the	
  Kbar-­‐N	
  
threshold	
  and	
  embedded	
  in	
  the	
  πΣ con(nuum.	
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  the	
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  work	
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  of	
  sophis(ca(on	
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  channels,	
  NLO	
  Lagrangian	
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  s-­‐channel,	
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  all	
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  obtaining	
  in	
  general	
  similar	
  features.	
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•  Recently,	
  the	
  more	
  precise,	
  SIDDHARTA	
  measurement	
  of	
  the	
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  ΔE	
  and	
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1.	
  Meson-­‐baryon	
  effecdve	
  chiral	
  Lagrangian:	



Essence	
  of	
  the	
  non-­‐perturba(ve	
  chiral	
  approach	
  

Lowest	
  order	
  (LO),	
  O(q)	
  

One	
  parameter:	
  f	
  

➔	
  LO	
  meson-­‐baryon	
  poten(al	
  in	
  s-­‐wave	
  (contact	
  term):	
  



Next	
  to	
  leading	
  order	
  (NLO),	
  O(q2)	
  

explicit	
  chiral	
  symmetry	
  
breaking	
  terms:	
  bD,	
  bF,	
  b0	
  

d1,d2,d3,d4:	
  two-­‐deriva(ve	
  terms	
  

➔	
  NLO	
  contribu(on	
  to	
  the	
  meson-­‐baryon	
  poten(al:	
  

Dij,	
  Lij:	
  matrices	
  which	
  depend	
  on	
  the	
  7	
  NLO	
  parameters:	
  bD,	
  bF,	
  b0,d1,d2,d3,d4	
  



Tij	
  	
  	
  	
  	
  	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  Vij	
  	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  Vil	
  	
  	
  	
  Gl	
  	
  	
  Tlj	
  

=	
   +	
  	
  2.	
  Unitarizadon:	
  
	
  	
  	
  	
  	
  	
  N/D,	
  Bethe-­‐Salpeter…	
  

3.	
  Regularizadon	
  of	
  loop	
  funcdon:	
  

Dimensional	
  regulariza(on	
  :	
  

“natural	
  size	
  (µ~700	
  MeV)	
  
J.A.	
  Oller	
  and	
  U.G.	
  Meissner,	
  Phys.	
  LeB.	
  B500	
  (2001)	
  263	
  

Coupled	
  channels	
  in	
  S=-­‐1	
  meson-­‐baryon	
  sector:	
  

subtrac(on	
  constants	
  
(to	
  be	
  fiWed)	
  



-­‐ 	
  Decay	
  constant	
  f	
  

-­‐ 	
  7	
  parameters	
  of	
  the	
  NLO	
  Lagrangian:	
  	
  bD,	
  bF,	
  b0,d1,d2,d3,d4	
  	
  	
  	
  
	
  	
  
-­‐	
  6	
  subtrac(on	
  constants	
  (isospin	
  symmetry)	
  

Parameters	
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Table 1
Experimental observations of the energy shift and width of the 1s state of kaonic hydrogen (!E and Γ ) [15], threshold
branching ratios (γ , Rn and Rc) [18].

!E [eV] Γ [eV] γ Rn Rc

283 ± 36 ± 6 541 ± 89 ± 22 2.36 ± 0.04 0.189 ± 0.015 0.664 ± 0.011

The threshold branching ratios (20) are determined [18] from K− capture on hydrogen as listed
in Table 1. In addition to these K−p threshold constraints, we also make use of the total cross
section data accumulated in Refs. [19] (see Fig. 2). In contrast to several previous studies, the
currently available πΣ mass spectra are not included in the empirical data base. At this point
a meaningful comparison with experimental data would require a detailed investigation of the
different reaction mechanisms generating such spectra in each given experiment [10]. Instead,
the πΣ spectrum emerges here as a prediction following the fitting to the previously mentioned
quantities.

The χ2 fits to the data base have been performed using three consecutive schemes, systemat-
ically improving the interaction kernel in each step. The first setup involves just the Tomozawa–
Weinberg (TW) term (8), the dominant component of the leading-order interaction. In the second
step we include in addition the direct and crossed Born terms, Eqs. (10) and (11), completing the
O(p) ChPT interaction (TWB). The third step incorporates all terms (12) of the full NLO model.
We define the overall χ2 following Ref. [9]. Consider a measurement, labeled i, and the number
of data points ni associated with this measurement. We first calculate χ2

i for each i-th measure-
ment, then collect all χ2

i multiplied by proper weight factors, and finally obtain overall χ2/d.o.f.,

χ2/d.o.f. =
∑R

i=1 ni

R(
∑R

i=1 ni − p)

R∑

i=1

χ2
i

ni
, (21)

where R is the total number of measurements considered. Furthermore, p is the number of pa-
rameters that appears in each step, increasing from TW via TWB to the full NLO setup. If all
measurements have same numbers of data points, Eq. (21) reduces to the standard definition of
χ2/d.o.f.

In the numerical calculations we use the physical masses for mesons and baryons. This is
necessary in order to reproduce the correct threshold energies in the different meson–baryon
channels. The constants associated with the axial vector baryon couplings are given by D = 0.80
and F = 0.46 (i.e. gA = D + F = 1.26). The meson decay constants are chosen at their physical
values [20]

fπ = 92.4 MeV, fK = (1.19 ± 0.01)fπ , fη = (1.30 ± 0.05)fπ . (22)

Using the physical masses and decay constants is justified by taking into account the renormal-
ization of the baryon masses and meson fields. As a consequence, parts of the effects of the NLO
parameters b0, bD and bF have already been absorbed in the renormalized quantities, shifting the
baryon octet masses from their degenerate chiral limit, M0, to their physical values; the param-
eters used in the interaction kernel are therefore to be interpreted as the renormalized ones. We
denote these renormalized NLO parameters as b̄0, b̄D and b̄F . They are expected to be consider-
ably smaller in magnitude than the ones usually quoted in tree-level chiral perturbation theory.
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fij (
√

s) = 1
8π

√
s
Tij (

√
s). (16)

The K−p elastic scattering amplitude at threshold defines the scattering length, a(K−p) =
f11(

√
s = mK− + Mp), a complex number because of the absorptive channels converting K−p

into πΣ and πΛ. The energy shift and width of the 1s state of kaonic hydrogen are related to
the K−p scattering length, with important second order corrections, as follows [11]:

$E − iΓ /2 = −2α3µ2
r a

(
K−p

)[
1 + 2αµr(1 − lnα)a

(
K−p

)]
, (17)

where α is the fine-structure constant and the K−p reduced mass is given by µr = mK−Mp/
(mK− + Mp).

The total reaction cross sections in the various meson–baryon scattering channels are given
by

σij (
√

s) = qi

qj

|Tij (
√

s)|2
16πs

, (18)

where the cross section is defined for
√

s > Mi + mi , above the threshold of the final-state chan-
nel i. For the K−p elastic cross section, we also take into account electromagnetic interactions
which are important near the K−p threshold [8]. The Coulomb interaction gives an additional
contribution to the diagonal amplitude in the K−p channel:

f Coul
11 (

√
s, θcm) = 1

2q2
1aB sin2(θcm/2)

× Γ (1 − i/(q1aB))

Γ (1 + i/(q1aB))
exp

(
2i

q1aB
ln sin

θcm

2

)
, (19)

with aB = 84 fm, the Bohr radius of the K−p system, and θcm denoting scattering angle. This
Coulomb amplitude is added to the strong interaction amplitude and the scattering angle is inte-
grated up to cos θcm < 0.966 to avoid the divergence at θcm = 0.

Several combinations of K−p inelastic yields at threshold are known in the form of branching
ratios defined as

γ = Γ
(
K−p → π+Σ−)

Γ
(
K−p → π−Σ+) = σ51

σ61
, Rn = Γ

(
K−p → π0Λ

)

Γ
(
K−p → neutral states

) = σ31

σ31 + σ41
,

Rc = Γ
(
K−p → π+Σ−,π−Σ+)

Γ
(
K−p → all inelastic channels

) = σ51 + σ61

σ31 + σ41 + σ51 + σ61
, (20)

with all partial cross sections σij calculated at the K−p threshold.

3. Results and discussion

3.1. Fitting procedure

We now describe the systematic fitting procedure used in the framework of the chiral SU(3)
dynamics at NLO level. We first summarize the empirical constraints that enter this study.
Important constraints are the kaonic hydrogen shift and width from the SIDDHARTA measure-
ments [15]:

$E = 283 ± 36(stat) ± 6(syst) eV, Γ = 541 ± 89(stat) ± 22(syst) eV.
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Fig. 4. Real part (left) and imaginary part (right) of the K−p → K−p forward scattering amplitude obtained from
the NLO calculation and extrapolated to the subthreshold region. The empirical real and imaginary parts of the K−p

scattering length deduced from the recent kaonic hydrogen measurement (SIDDHARTA [15]) are indicated by the dots
including statistical and systematic errors. The shaded uncertainty bands are explained in the text.

z1 = 1424 − i26 MeV, z2 = 1381 − i81 MeV.

The higher energy z1 pole is dominated by the K̄N channel and the lower energy z2 pole receives
stronger weight from the πΣ channel. This confirms the two-poles scenario of the Λ(1405) [7,
22,23]. Actually, the existence of two poles around the Λ(1405) resonance had been found in
previous NLO calculations [8,9], but the precise location of the poles, especially of the lower
one, could not be determined in these earlier studies, given the lack of precision in the empirical
constraints.

In the present analysis, the SIDDHARTA measurement provides much more severe con-
straints also on the pole positions. The real parts of z1 and z2 are remarkably stable in all three
TW, TWB and NLO schemes. The imaginary parts deviate within ! 20 MeV between these
schemes, as seen in Table 3. Using the error analysis from Eq. (23) together with the best-fit
NLO results, one finds:

z1 = 1424+7
−23 − i26+3

−14 MeV, z2 = 1381+18
−6 − i81+19

−8 MeV. (24)

The uncertainties of the pole locations are thus significantly reduced from previous work, and the
two-poles structure of the Λ(1405) is now consistently established with the constraints from the
precise kaonic hydrogen measurement. Because of isospin symmetry, the two poles are stable
against variations of the I = 1 subtraction constants (the ones in the πΛ and ηΣ channels). The
error assignments in the pole positions and half widths are mainly reflecting the uncertainties of
the K̄N and πΣ subtraction constants.

3.3.3. K−p and K−n scattering lengths
A discussion of low-energy K̄-nuclear interactions requires the knowledge of both the K−p

and K−n amplitudes near threshold. The complete K̄N threshold information involves both
isospin I = 0 and I = 1 channels. The K−p scattering length a(K−p) = [a0 +a1]/2 is given by
the average of the I = 0 and I = 1 components, whereas the K−n scattering length a(K−n) = a1
is purely in I = 1. Note that Coulomb corrections to a(K−p) and isospin breaking effects in
threshold energies may be significant [11] and must be taken into account in a detailed quantita-
tive analysis.
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Fig. 2. Calculated K−p elastic, charge exchange and strangeness exchange cross sections as functions of K− laboratory
momentum, compared with experimental data [19]. The dashed, dotted and solid curves represent TW, TWB and best
fits of the full NLO calculations, respectively.

scheme and the uncertainty bands constrained by Eq. (23). As seen in the figure, the amplitude
exhibits the structure of the Λ(1405) resonance emerging from the strong attraction in the I = 0
component of the amplitude. We find that the subthreshold extrapolation is stable thanks to the
accurate constraint at threshold.
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Fig. 2. Diagram of the V B → V B interaction mediated by a pseudoscalar meson-baryon loop.

the peak the T -matrix will be as

Tij =
gigj√

s − MR + iΓ/2
, (20)

where MR is the position of the maximum and Γ the width
at half-maximum. The couplings gi and gj are related to
the channels which couple to this resonance. Then one can
take the diagonal channel where the coupling is largest and
obtain

|gi|2 =
Γ

2
√

|Tii|2, (21)

where the coupling gi has an arbitrary phase. With one
coupling determined, we can obtain the other ones from
the Tij matrices using eq. (20), given by

gj = gi
Tij(

√
(s) = MR)

Tii(
√

(s) = MR)
. (22)

This procedure has been used to calculate all the couplings
of all the states of the vector-baryon interaction in ref. [23],
so this method that we will use in order to calculate our
results in the present work.

Using this formalism, nine resonances are found in
ref. [23], which are associated to known states of the
PDG [28], through the isospin and strangeness and the
pole position. However the widths obtained with this ap-
proach are smaller than the experimental ones. This result
leads us to think that there should be some other mecha-
nisms which contribute to the vector meson - baryon inter-
action potential. Since vector mesons and baryons couple
to pseudoscalar mesons, there can be diagrams where the
interaction is mediated by pseudoscalar mesons. The next
section is devoted to study such mechanisms.

3 The box diagram

In addition to the driving term in the V B → V B potential
of eq. (12) there are other terms involving the exchange
of pseudoscalar mesons that also contribute to this inter-
action. The idea is that an external vector meson decays
into two pseudoscalar mesons, through the Lagrangian of
eq. (3), and one of the pseudoscalar mesons is exchanged
and absorbed by the baryon. Then a pseudoscalar-baryon
state propagates in the intermediate state and the inverse
procedure occurs in a second vertex, giving rise to a V B
again. The mechanism is depicted in fig. 2 in terms of
a Feynman diagram, which gives a contribution to the
V B → V B potential given by

−itBox =
∫

d4q

(2π)4
igCV1(#pV1 − #q − #q ) · #ε1igCV2

×(#pV1 − #q − #pB1 − #q + #pB2) · #ε2

× i

q2 − m2
1 + iε

i

(pV1 − q)2 − m2
2 + iε

× i

(pB1 +q − pB2)2−m2
3+iε

i

(pB1 +q)0−EB(#pB1 +#q )+iε

×#σ · #q #σ · (− #pB1 − #q + #pB2){α1(D + F ) + β1(D − F )}

× 1
2f

{α2(D + F ) + β2(D − F )} 1
2f

(23)

where q is the loop four-momentum, #pVi and #pBi are the
momenta of the external vector mesons and baryons and
mi are the masses of the three pseudoscalar mesons of
the loop. The coefficients of the VPP vertex CVi are ob-
tained from eq. (3) and the coefficients for the couplings
of the pseudoscalars to the baryons, αi and βi are shown
in table 6 of appendix C.

In other to calculate this integral, we perform analyt-
ically the integration over the q0 component of the four-
momentum of the loop. This leads to a residue, which is



•  Differently	
  than	
  the	
  other	
  works,	
  we	
  incorporate	
  the	
  KΞ	
  channels	
  in	
  the	
  NLO	
  fit	
  	
  

•  They	
  are	
  par(cularly	
  interes(ng	
  because	
  the	
  LO	
  (Weinberg-­‐Tomozawa)	
  terms	
  are	
  zero	
  	
  

K�p ! K⌅ channels
V.K.	
  Magas,	
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  Ramos,	
  arXiv:1402.3971	
  

	
  ➔	
  Therefore,	
  these	
  channels	
  are	
  especially	
  sensi(ve	
  to	
  NLO	
  parameters	
  !!	
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LO	
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  (including	
  KΞ	
  channels)	
  

switching	
  off	
  NLO:	
  bi=0	
  di=0	
  

NLO	
  terms	
  contribute	
  sizably	
  in	
  	
  
this	
  channel!	
  
	
  
But	
  the	
  shape	
  of	
  the	
  cross	
  sec(on	
  
indicates	
  that	
  there	
  are	
  resonant	
  
structures.	
  
	
  
➔	
  Need	
  to	
  include	
  genuine	
  
resonances	
  and	
  refit!	
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We	
  suplement	
  the	
  LO+NLO	
  Lagrangian	
  with	
  two	
  resonances:	
  
One	
  of	
  JP=7/2+	
  around	
  2030	
  MeV	
  	
  and	
  one	
  of	
  JP=5/2-­‐	
  around	
  2250	
  MeV	
  
➔	
  the	
  fit	
  determines	
  masses,	
  widths	
  and	
  couplings	
  of	
  resonances	
  

LO	
  +	
  NLO	
  

Background	
  due	
  to	
  NLO	
  chiral	
  
Lagrangian	
  reduced	
  and	
  more	
  
realis(c!	
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  resonances	
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  procedure	
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  cross	
  sec(ons	
  (black	
  lines:	
  LO+NLO+resonances),	
  

nor	
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  threshold	
  ra(os:	
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Parameters	
  (Preliminary!)	
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Produc(on	
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  in	
  nuclei:	
  (K-­‐,K+)	
  reac(on	
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  nuclear	
  targets	
  

•  These	
  reac(ons	
  are	
  employed	
  to	
  produce	
  double	
  Λ	
  hypernuclei	
  
	
  
•  They	
  may	
  inform	
  us	
  on	
  the	
  size	
  of	
  the	
  Ξ	
  op(cal	
  poten(al	
  in	
  the	
  nucleus	
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Conclusions	
  

•  Chiral	
  Perturba(on	
  Theory	
  with	
  unitariza(on	
  in	
  coupled	
  	
  channels	
  is	
  a	
  
very	
  powerful	
  technique	
  to	
  describe	
  low	
  energy	
  hadron	
  dynamics.	
  

	
  
•  More	
  precise	
  data	
  has	
  become	
  available	
  ➔	
  NLO	
  calcula(ons	
  become	
  

more	
  meaningful	
  (NLO	
  terms	
  in	
  the	
  Lagrangian	
  do	
  improve	
  agreement	
  
with	
  data)	
  

	
  
•  The 	
   	
   	
   	
  reac(on	
  is	
  very	
  interes(ng	
  and	
  important	
  for	
  fiung	
  

NLO	
  parameters	
  (Work	
  in	
  progres	
  …	
  )	
  


