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Fig. 2. “Total” cross section ! (as defined in Eq. (24)) as a function of plab. The experimental cross sections are taken
from Refs. [54] (filled circles), [55] (open squares), [69] (open circles), and [70] (filled squares) ("p ! "p), from [56]
(#"p ! "n, #"p ! #0n) and from [57] (#"p ! #"p, #+p ! #+p). The red/dark band shows the chiral EFT
results to NLO for variations of the cutoff in the range " = 500, . . . ,650 MeV, while the green/light band are results to
LO for " = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

also for "p the NLO results are now well in line with the data even up to the #N threshold.
Furthermore, one can see that the dependence on the cutoff mass is strongly reduced in the NLO
case. We also note that in some cases the LO and the NLO bands do not overlap. This is partly
due to the fact that the description at LO is not as precise as at NLO (cf. the total $2 values in
Table 5). Also, the error bands are just given by the cutoff variation and thus can be considered
as lower limits.

A quantitative comparison with the experiments is provided in Table 5. There we list the
obtained overall $2 but also separate values for each data set that was included in the fitting
procedure. Obviously the best results are achieved in the range " = 500–650 MeV. Here, in
addition, the $2 exhibits also a fairly weak cutoff dependence so that one can really speak of
a plateau region. For larger cutoff values the $2 increases smoothly while it grows dramatically
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Fig. 6. The !p 1S0 and 1P1 phase shifts " as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range ! = 500, . . . ,650 MeV, while the green/light band shows results to LO for
! = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The !p phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the #N system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter $1 which is fairly large in the former case and close to 45! at the #N

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent !p T -matrices (for the
3S1 " 3S1, 3D1 " 3D1, and 3S1 # 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the #N threshold is reflected in
an impressive increase in the !p cross section at the corresponding energy, as seen in Fig. 2.
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 Hyperon - Nucleon Interactions from Lattice QCD
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M = 2.01 ± 0.04

Many physically motivated extensions to general relativity (GR) predict sig-
nificant deviations in the properties of spacetime surrounding massive neu-
tron stars. We report the measurement of a 2.01±0.04 solar mass (M⊙) pul-
sar in a 2.46-hr orbit with a 0.172±0.003 M⊙ white dwarf. The high pulsar
mass and the compact orbit make this system a sensitive laboratory of a pre-
viously untested strong-field gravity regime. Thus far, the observed orbital
decay agrees with GR, supporting its validity even for the extreme conditions
present in the system. The resulting constraints on deviations support the use
of GR-based templates for ground-based gravitational wave detectors. Addi-
tionally, the system strengthens recent constraints on the properties of dense
matter and provides insight to binary stellar astrophysics and pulsar recycling.

Neutron stars (NSs) with masses above 1.8 M⊙ manifested as radio pulsars are valuable
probes of fundamental physics in extreme conditions unique in the observable Universe and
inaccessible to terrestrial experiments. Their high masses are directly linked to the equation-
of-state (EOS) of matter at supra-nuclear densities (1, 2) and constrain the lower mass limit
for production of astrophysical black holes (BHs). Furthermore, they possess extreme internal
gravitational fields which result in gravitational binding energies substantially higher than those
found in more common, 1.4 M⊙ NSs. Modifications to GR, often motivated by the desire for
a unified model of the four fundamental forces, can generally imprint measurable signatures in
gravitational waves (GWs) radiated by systems containing such objects, even if deviations from
GR vanish in the Solar System and in less massive NSs (3–5).

However, the most massive NSs known today reside in long-period binaries or other systems
unsuitable for GW radiation tests. Identifying a massive NS in a compact, relativistic binary
is thus of key importance for understanding gravity-matter coupling under extreme conditions.
Furthermore, the existence of a massive NS in a relativistic orbit can also be used to test current
knowledge of close binary evolution.

Results
PSR J0348+0432 & optical observations of its companion PSR J0348+0432, a pulsar spin-
ning at 39 ms in a 2.46-hr orbit with a low-mass companion, was detected by a recent sur-
vey (6, 7) conducted with the Robert C. Byrd Green Bank Telescope (GBT). Initial timing ob-
servations of the binary yielded an accurate astrometric position, which allowed us to identify
its optical counterpart in the Sloan Digital Sky Survey (SDSS) archive (8). The colors and flux
of the counterpart are consistent with a low-mass white dwarf (WD) with a helium core at a dis-
tance of d ∼ 2.1 kpc. Its relatively high apparent brightness (g� = 20.71 ± 0.03 mag) allowed us
to resolve its spectrum using the Apache Point Optical Telescope. These observations revealed
deep Hydrogen lines, typical of low-mass WDs, confirming our preliminary identification. The
radial velocities of the WD mirrored that of PSR J0348+0432, also verifying that the two stars
are gravitationally bound.

2
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direct measurement of

neutron star mass from

increase in travel time

near companion

J1614-2230

most edge-on binary

pulsar known (89.17°)

+ massive white dwarf

companion (0.5 Msun)

heaviest neutron star

with 1.97±0.04 Msun

Nature, Oct. 28, 2010

  New constraints from  NEUTRON STARS

P. Demorest et al.
Nature 467 (2010) 1081

Shapiro delay

PSR J1614-2230

Many physically motivated extensions to general relativity (GR) predict sig-
nificant deviations in the properties of spacetime surrounding massive neu-
tron stars. We report the measurement of a 2.01±0.04 solar mass (M⊙) pul-
sar in a 2.46-hr orbit with a 0.172±0.003 M⊙ white dwarf. The high pulsar
mass and the compact orbit make this system a sensitive laboratory of a pre-
viously untested strong-field gravity regime. Thus far, the observed orbital
decay agrees with GR, supporting its validity even for the extreme conditions
present in the system. The resulting constraints on deviations support the use
of GR-based templates for ground-based gravitational wave detectors. Addi-
tionally, the system strengthens recent constraints on the properties of dense
matter and provides insight to binary stellar astrophysics and pulsar recycling.

Neutron stars (NSs) with masses above 1.8 M⊙ manifested as radio pulsars are valuable
probes of fundamental physics in extreme conditions unique in the observable Universe and
inaccessible to terrestrial experiments. Their high masses are directly linked to the equation-
of-state (EOS) of matter at supra-nuclear densities (1, 2) and constrain the lower mass limit
for production of astrophysical black holes (BHs). Furthermore, they possess extreme internal
gravitational fields which result in gravitational binding energies substantially higher than those
found in more common, 1.4 M⊙ NSs. Modifications to GR, often motivated by the desire for
a unified model of the four fundamental forces, can generally imprint measurable signatures in
gravitational waves (GWs) radiated by systems containing such objects, even if deviations from
GR vanish in the Solar System and in less massive NSs (3–5).

However, the most massive NSs known today reside in long-period binaries or other systems
unsuitable for GW radiation tests. Identifying a massive NS in a compact, relativistic binary
is thus of key importance for understanding gravity-matter coupling under extreme conditions.
Furthermore, the existence of a massive NS in a relativistic orbit can also be used to test current
knowledge of close binary evolution.

Results
PSR J0348+0432 & optical observations of its companion PSR J0348+0432, a pulsar spin-
ning at 39 ms in a 2.46-hr orbit with a low-mass companion, was detected by a recent sur-
vey (6, 7) conducted with the Robert C. Byrd Green Bank Telescope (GBT). Initial timing ob-
servations of the binary yielded an accurate astrometric position, which allowed us to identify
its optical counterpart in the Sloan Digital Sky Survey (SDSS) archive (8). The colors and flux
of the counterpart are consistent with a low-mass white dwarf (WD) with a helium core at a dis-
tance of d ∼ 2.1 kpc. Its relatively high apparent brightness (g� = 20.71 ± 0.03 mag) allowed us
to resolve its spectrum using the Apache Point Optical Telescope. These observations revealed
deep Hydrogen lines, typical of low-mass WDs, confirming our preliminary identification. The
radial velocities of the WD mirrored that of PSR J0348+0432, also verifying that the two stars
are gravitationally bound.
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M = 1.97 ± 0.04



– 37 –

6 8 10 12 14 16 18

0.5

1

1.5

2

2.5

0

20

40

60

80

100

310!

R (km)

)
M

 (M

=Rphr

6 8 10 12 14 16 18

0.5

1

1.5

2

2.5

0

20

40

60

80

100

120

140

160

180

310!

R (km)

)
M

 (M

>>Rphr

9 10 11 12 13 14 15
0.8

1

1.2

1.4

1.6

1.8

2

2.2

R (km)

)
M

 (M =Rphr

9 10 11 12 13 14 15
0.8

1

1.2

1.4

1.6

1.8

2

2.2

R (km)

)
M

 (M >>Rphr

Fig. 9.— The upper panels give the probability distributions for the mass versus radius curves implied by
the data, and the solid (dotted) contour lines show the 2-! (1-!) contours implied by the data. The lower
panes summarize the 2-! probability distributions for the 7 objects considered in the analysis. The left
panels show results under the assumption rph = R, and the right panes show results assuming rph ! R. The
dashed line in the upper left is the limit from causality. The dotted curve in the lower right of each panel
represents the mass-shedding limit for neutron stars rotating at 716 Hz.

News from NEUTRON STARS

K. Hebeler,  J. Lattimer,  
C. Pethick,  A. Schwenk: 

Phys. Rev. Lett.
 105 (2010) 161102

purely “nuclear” EoS

kaon 
condensate

quark 
matter

Constraints from neutron star observables

“Exotic” equations of state ruled out ?

A. Akmal,  V.R. Pandharipande, D.G. Ravenhall
Phys. Rev. C 58 (1998) 1804

F. Özil, D. Psaltis: Phys. Rev. D80 (2009) 103003
F. Özil, G. Baym, T. Güver: Phys. Rev. D82 (2010)101301

A.W. Steiner,  
J. Lattimer,  E.F. Brown 

Astroph. J. 722 (2010) 33
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NEUTRON  STAR  MATTER
Equation of State

In-medium Chiral Effective Field Theory up to 3 loops
(reproducing thermodynamics of normal nuclear matter) 

coexistence region:
Gibbs conditions  

n ! p + e, µ

3-flavor PNJL model at high densities (incl. strange quarks)

beta equilibrium 

charge conservation 

quark-nuclear
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(if at all)
at baryon densities  
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see also:
 K. Masuda, T. Hatsuda, T. Takatsuka

PTEP (2013) 7, 073D01
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FIG. 4: Density ratios for di!erent particles for a "soft" nu-
cleonic EoS as a function of the baryon density using the
!EFT600 model.

with the corresponding lepton density ratio xl = !l/!L.
The total lepton density !L is the sum over all three lep-
tons. For nonrelativistic interacting baryons, the chemi-
cal potential for species b reads

µb = Mb +
k2Fb

2Mb
+ Ub(kFb

) . (20)

For a given total baryon density !B the equations (15)-
(18) govern the composition of matter, i.e. the baryonic
and leptonic concentrations. The corresponding solution
is referred to as "-stable matter.

For the sake of consistency we now have to treat the
nucleonic part of the chemical potential µN in the same
way as the corresponding energy per particle. Since the
chemical potential can be obtained as a derivative of the
energy density # and is related to the energy per particle
via # = !BE/A, we use the definition

µb =
$#

$!b
, (21)

to have the appropriate replacement in the nucleonic
chemical potential. Finally, we arrive at the expression

µN =
$#NN

$!N
+ UY

N (kFY
), (22)

where we have e!ectively replaced MN+
k2
FN

2MN
+UN

N (kFN
)

of Eq. (20) with the derivative $#NN/$!N . In this way
the parameterization Eq. (9) enters in the nucleonic part
of the chemical potential.

Since we are only parameterizing the nucleonic sec-
tor, no such replacement is necessary for the hyperons.
However, since we have neglected the Y Y interaction
UY
Y (kFY

) is zero and Eq. (20) reduces to

µY = MY +
k2FY

2MY
+ UN

Y (kFY
) . (23)
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FIG. 5: Same as Fig. 4 but for "sti!" nucleonic EoS using the
NSC97f model.

For the determination of the particle concentration the
single-particle potential in equilibrium is used. For hy-
perons below the threshold density it is given by UY (p =
0), similar to the symmetric matter case. Above the
threshold density it depends on composition and den-
sity. In Fig. 6 the density dependence of U!!(kF

!!
) in

"-equilibrium for two di!erent incompressibilities K0 is
shown. In the figure a kink in the curves appears at the
point where the hyperons appear.

Another observation is the relative ordering and the
magnitudes which resemble those of the single-particle
potentials at zero momentum in symmetric matter as
shown in Fig. 1. Essentially, the NSC97a, NCS97c,
NSC97f and J04 interactions are still slightly attractive
while the NSC89 and %EFT600 remain repulsive. Simi-
lar observations hold for the ! system. A new structure
in form of a second inflection point emerges due to the
appearance of the "! hyperon.

A better indicator at which densities hyperons start to
appear is given by the concentrations of all particles and
is displayed in Figs. 4 and 5. In Fig. 4 a “soft” nucle-
onic EoS is used in combination with an attractive !N
and a very repulsive "N interaction implemented by the
%EFT600 model. In contrast in Fig. 5 a “sti!” EoS is
used represented by the NSC97f model which has a simi-
lar !N interaction compared to the %EFT600 model but
also an attractive "N interaction. This di!erence already
leads to very di!erent density profiles. While in Fig. 4
the ! hyperon is the first one which appears and no "!

hyperons are present, the "! hyperon appears first in
Fig. 5.

One should note that with the appearance of the "!

hyperon the density of the negatively charged leptons
starts to drop immediately. This is because their role in
the charge neutrality condition, Eq. (15), is now being
taken over by the "!. Similarly, the appearance of the
! hyperon will accelerate the disappearance of neutrons
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cant softening of the EoS which in turn results in smaller
maximum masses of a neutron star compared to a purely
nucleonic EoS. Notably, the predicted maximum masses
are well below the observed value of 1.4 M!, an outcome
also known from other works, e.g. [8, 33–35]. This poses
a serious problem.

The softening of the EoS due to hyperons cannot be
circumvented by sti!ening the nucleonic EoS, i.e., by in-
creasing K0, since this will cause hyperons to appear ear-

lier. Changing the high-density behavior of the symmetry
energy dependence or including the S = !2 sector does
not alter this conclusion either. For more details about
the S = !2 sector, in particular ! hyperons in dense
baryonic matter see e.g. [39–42]. This can only mean,
that correlations beyond the one-loop level could be im-
portant to sti!en the hyperon contributions to the EoS.
This, however, is not su"cient as Brueckner-Hartree-
Fock calculations indicate [9, 26]. As has been known
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Fig. 6. The !p 1S0 and 1P1 phase shifts " as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range ! = 500, . . . ,650 MeV, while the green/light band shows results to LO for
! = 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The !p phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the #N system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter $1 which is fairly large in the former case and close to 45! at the #N

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent !p T -matrices (for the
3S1 " 3S1, 3D1 " 3D1, and 3S1 # 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the #N threshold is reflected in
an impressive increase in the !p cross section at the corresponding energy, as seen in Fig. 2.
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We report the first observation of the line shape of the Λ(1405) from electroproduction, and show
that it is not a simple Breit-Wigner resonance. Electroproduction of K+Λ(1405) off the proton was
studied by using data from CLAS at Jefferson Lab in the range 1.0 < Q2 < 3.0 (GeV/c)2. The
analysis utilized the decay channels Σ+π− of the Λ(1405) and pπ0 of the Σ+. Neither the standard
(PDG) resonance parameters, nor free parameters fitting to a single Breit-Wigner resonance repre-
sent the line shape. In our fits, the line shape corresponds approximately to predictions of a two-pole
meson-baryon picture of the Λ(1405), with a lower mass pole near 1368 MeV/c2 and a higher mass
pole near 1423 MeV/c2. Furthermore, with increasing photon virtuality the mass distribution shifts
toward the higher mass pole.

PACS numbers: 13.40.-f, 13.30.Eg, 14.20.Jn, 14.20.Gk

I. INTRODUCTION

The continued study of excited baryons is needed to
refine our knowledge of QCD. Probing states with pecu-
liar properties is of particular interest toward this goal.
One such object is the Λ(1405), which has the quantum

numbers I(JP ) = 0( 12
−
), mass m = 1405.1 MeV/c2, and

full width Γ = 50 MeV/c2 according to the Particle Data
Group (PDG) [1]. It was first predicted by Dalitz and
Tuan [2, 3] as a quasi-bound NK̄ state that decays to
Σπ, and was first observed by Alston et al. [4] in 1961.

A quark model for the spectrum of baryons with a
non-relativistic harmonic oscillator potential and spin-
spin hyperfine interaction between the quarks was pro-
posed by Isgur and Karl [5, 6, 7]. This model repro-
duced all the observed P -wave negative parity resonances
well, except for the Λ(1405). The mass of the Λ(1405)
was predicted around 1490 MeV/c2, leaving a discrep-
ancy of about 80 MeV/c2. The model was extended
to include relativistic dynamics by Capstick and Isgur
[8] but this mass discrepancy remained. Following an
earlier paper by Oller and Meißner [9], Jido et al. [10]
used a chiral unitary formalism to describe the Λ(1405)
as a composite of two dynamically generated I = 0
poles, at mlow

0 = 1.390 + i0.066 GeV/c2 and mhigh
0 =

1.420 + i0.016 GeV/c2. Hence the key conclusion of this
approach is that the mass distribution, or “line shape”
of the Λ(1405) is formed by two poles in the complex
energy plane instead of one resonance. The higher mass
pole couples more strongly to NK̄, while the lower mass
pole couples more strongly to Σπ. Furthermore, the line
shape is expected to depend upon which reaction channel
excites it. For a recent review of the extensive literature
on baryonic systems within the chiral unitary framework,
see Ref. [11]. There are several other detailed predictions
for the parameters that characterize the poles making up
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FIG. 1. The presumed primary diagram for electroproduction
of the Λ(1405) at the kinematics of the present experiment.

the Λ(1405) mass region, for example Refs. [12–16]. One
finds that theory is not in agreement about where these
poles sit.
The most extensive experimental study of the Λ(1405)

mass region used real photoproduction with data from
CLAS/JLab [17, 18] and also LEPS/SPring-8 [19, 20].
Support for a strongly distorted line shape was found,
possibly consistent with two I = 0 poles, as well as ev-
idence for interference with I = 1 components of the
reaction mechanism. Further recent results came from
pp collisions at HADES/GSI [21] and COSY/Jülich [22].
Low-statistics bubble-chamber hadronic beam data exist
for K−p [23], K−D [24], and π−p [25] reactions. Each
case seems to show variations in the mass distribution of
the Λ(1405). To date there is no theoretical work giving
any prediction for electroproduction of the Λ(1405). The
line shape seen in electroproduction could reveal features
not seen in other production channels. The virtual pho-
ton exchanged in electroproduction (Q2 > 0) may couple
differently to the Λ(1405) than the real photon (Q2 = 0).
Therefore the present study represents an exploration of
an unknown corner of Λ(1405) phenomenology.
Figure 1 shows the presumed main contribution to the

Λ(1405) electroproduction. Normally,K-nucleon scatter-
ing cannot produce this state since it lies below threshold.
However, the off-shell nature of the exchanged strange
meson allows the reaction to proceed. The electron scat-
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G. Rosner,37 P. Rossi,18 F. Sabatié,7 M.S. Saini,13 C. Salgado,27 D. Schott,15 E. Seder,9 H. Seraydaryan,29

Y.G. Sharabian,35 G.D. Smith,37 D.I. Sober,6 D. Sokhan,37 S.S. Stepanyan,24 P. Stoler,30 S. Strauch,34, 15

M. Taiuti,14 W. Tang,28 Ye Tian,34 S. Tkachenko,38, 29 B. Torayev,29 B. Vernarsky,1 H. Voskanyan,40 E. Voutier,25

N.K. Walford,6 D.P. Weygand,35 M.H. Wood,5, 34 N. Zachariou,34 L. Zana,26 J. Zhang,35 and Z.W. Zhao38

(CLAS Collaboration)
1Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

2Argonne National Laboratory, Argonne, Illinois 60439
3Arizona State University, Tempe, Arizona 85287-1504

4California State University, Dominguez Hills, Carson, CA 90747
5Canisius College, Buffalo, NY 14208

6Catholic University of America, Washington, D.C. 20064
7CEA, Centre de Saclay, Irfu/Service de Physique Nucléaire, 91191 Gif-sur-Yvette, France
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tainty in each mass bin. The systematic band was ob-

tained by varying the selection of events (see Fig. 2),

the acceptance distribution in φ, and the acceptance in

the hyperon invariant mass line shape (missing mass of

e−K+
). Correlation between systematic uncertainties

and statistical fluctuations happens very often in low-

statistics experiments. This appears clearly in the lower

invariant mass region. An empirical smoothing process

to separate the fluctuations from the estimated system-

atic uncertainties was implemented. Quantitatively, the

systematic uncertainties were obtained from the follow-

ing three analysis variations.

1. The range of the event selection was narrowed

to between 1.155 and 1.225 GeV/c
2
around the

Σ+
and to between 0.06 and 0.24 GeV/c

2
around

the π0
. The resulting variations in yields were

smoothed by fitting the relative uncertainties to an

empirical smoothing function in the lower invariant

mass region. The resulting uncertainties were less

correlated to the statistical fluctuation and closer to

the pure systematic uncertainties. This contributed

about 45% to the total bin-to-bin systematic uncer-

tainty.

2. The phase-space Monte-Carlo distribution of events

in φ matched the data fairly well. But an exact

matching was enforced by accepting Monte-Carlo

events selectively. A similar smoothing process was

applied to the differences of acceptance-corrected

yields between a uniform phase-space distribution

and the matching distribution. The resulting dif-

ferences contributed about 35% to the total sys-

tematic uncertainty.

3. The phase-space Monte-Carlo line shape of the hy-

peron invariant mass was modified to match exactly

the observed line shape. The differences between

the phase space distribution and the distribution

that was closely matched to measured data were

smoothed by averaging the neighboring bins. This

systematic difference contributed about 20% to the

total bin-to-bin systematic uncertainty.

The overall systematic bin-to-bin uncertainty shown in

Fig. 7 was achieved by adding all pieces together in

quadrature. The relative changes in strength between

the observed peaks and the distortions of the peak shape

due to radiative effects are small in comparison to the

precision of these results. Hence radiative corrections

were not performed.

In Fig. 7 the resonances are computed as incoherent

relativistic Breit-Wigner functions of the form

BW (m) ≈ 1

2π

4mm0Γ(q)

(m2 −m2
0)

2 + (m0Γ(q))2
. (1)

In Eq. 1, Γ(q) = q
q0
Γ0, m0, and Γ0 are fit parameters, q

is the momentum of π−
in the hyperon rest frame, and

q0 is value of the q when m = m0.

FIG. 7. (Color online) Fits of the missing mass of e−K+

for 1.5 < Q2 < 3.0 (GeV/c)2. Points with error bars
are measured data, solid (red) lines are overall fits, dash-
dotted (green) lines around 1.52 GeV/c2 are from the Λ(1520)
simulation. The dashed (blue) lines are from the Λ(1405)
simulation parametrized by PDG values (a), by one rela-
tivistic Breit-Wigner function (b), and by two relativistic
Breit-Wigner functions (c). The dotted (purple) lines show
the summed background contributions. The shadowed his-
tograms at the bottom show the estimated systematic uncer-
tainty.

As seen in Fig. 7(a), a fit using a single Breit-Wigner

line shape with PDG parameters gives a very poor repre-

sentation of the data. The fit includes the summed back-

ground contribution, simulation of Λ(1520) electropro-

duction, and simulation of a Breit-Wigner “resonance”

7

FIG. 8. (Color online) Overall fit of the acceptance-corrected missing mass of e−K+
with simulated background, simulated

production of the Λ(1520), and two relativistic Breit-Wigner functions in the ranges Q2
min ≤ Q2 ≤ 3.0 (GeV/c)

2
, where Q2

min

is: (a) 1.0 (GeV/c)
2
, (b) 1.2 (GeV/c)

2
, (c) 1.4 (GeV/c)

2
, (d) 1.6 (GeV/c)

2
, (e) 1.8 (GeV/c)

2
, (f) 2.0 (GeV/c)

2
, and (g)

2.2 (GeV/c)
2
. The fit takes the statistical uncertainties (error bars on points) into account. The shadowed histograms show

the estimated systematic uncertainties.

Fits prefer two-pole scenario with m1 = 1423MeV, m2 = 1386MeV
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In this work we investigate different possible interpretations of the Λ(1405) signal associated with

the production of the Λ(1405) in p + p reactions at 3.5 GeV beam kinetic energy measured by the

HADES collaboration. We study the influence of interference effects between the Λ(1405) resonance
and the non−resonant background. The two poles nature of the Λ(1405), which is supported by

most of the theoretical models, is also discussed with emphasis on the relative contributions of the

two complex poles to the formation of the resonance in p+ p reactions.

I. INTRODUCTION

Recently, the HADES collaboration has measured

Λ(1405) production in proton-proton reactions at a beam

kinetic energy of 3.5 GeV [1], where the Λ(1405) hy-

peron has been reconstructed in the charged Σ±π∓
de-

cay channels. By investigating the Σπ invariant mass

distributions, clear peak structures below 1400 MeV/c2

were observed. These structures were interpreted by a

small contribution of Σ(1385)0 and a large contribution

of a low mass Λ(1405) signal (see also [2]). Besides this,

the spectra also showed a considerable contribution by

Λ(1520) production and by non−resonant Σπ produc-

tion, resulting in a phase space like background below the

Λ(1405). The experimental data were finally described

by an incoherent sum of Monte Carlo simulations, where

the Λ(1405) was simulated to follow a Breit-Wigner type

distribution with a Breit-Wigner mass of 1385 MeV/c2

and a width of 50 MeV/c2. With help of these simula-

tions the experimental data were corrected for the effects
of acceptance and efficiency. These corrected data allow

to compare any (more advanced) model to the obtained

Σπ invariant mass distributions.

The experimental data, where the maximum of the Σπ
missing mass (see Fig. 1) lies below the nominal value of

1405MeV/c2 associated to the Λ(1405), suggest a shift

of this resonance towards lower masses. In this paper we

want to address different possible explanations for the

observed mass shift of the Λ(1405) in the new HADES

data and aim to stimulate theorists to further investigate

the production of this resonance in p+ p reactions. The

Λ(1405) spectral function measured in p+ p collisions by

the HADES collaboration differs from the predictions by

theoretical models and also from some of the experimen-

tal observations. These differences reside in the complex

nature of the resonance.

From the theoretical point of view, the Λ(1405) is nor-
mally treated in a unitarized coupled channel framework

based on chiral SU(3) dynamics [3–6], where this reso-

nance is generated dynamically as a coherent sum of two

different poles. The first pole, z1, is located at higher

energies of around 1420 MeV and is mainly associated

with a narrow quasi-bound K̄N state. The second pole,

z2, is found at lower energies of about 1390 MeV and

this pole strongly couples to a broad Σπ resonance. As

the relative contribution of these two states depends on

the entrance channel, also the observed properties of the

Λ(1405) could differ for different reactions. Therefore, in
order to understand the complex formation process of the

Λ(1405), it is important that experiments measure this

resonance in different collision systems, and that, at the

same time, theory provides appropriate models for each

of those systems.

First we refer to the measurement presented by the

ANKE collaboration in [7], where the Λ(1405) spectral

shape is reconstructed in p + p collisions at 2.83 GeV

beam kinetic energy out of the decay into Σ0
and π0

pairs.

These data are within the systematic errors and the sta-

tistical significance of the mass bins around 1400 MeV/c2

consistent with the HADES results.

From the theory side, the authors of [8] followed a unita-

rized coupled channel approach based on the chiral La-

grangian in order to predict the Λ(1405) line shape in

p + p reactions for the Σ0π0
decay channel. In their

Ansatz the Λ(1405) was generated from pion, kaon and

ρ meson exchange mechanisms, all of them leading to

a different coupling to the two Λ(1405) poles. The co-

herent sum of all contributions results in a Λ(1405) line
shape with a maximum in the Σπ mass distribution at

around 1410MeV/c2. With this approach the authors of

[8] delivered a result compatible with the Λ(1405) signal,
measured by the ANKE collaboration in the Σ0π0

decay

channel [7]. This calculation is the only one available for

p + p reactions but since the HADES data refer to the

charged decay channels a quantitative comparison results

difficult. Nevertheless, the results by [8] have been used

in this work as a starting point to model the Λ(1405) as
the combination of two Breit-Wigner functions.

In general, the HADES data show a larger contribution

by the non−resonant Σπ production in comparison with

ANKE. In particular, it has been shown in [9] that the

∆++
is strongly coupling to the Σ−π+pK+

final state

via the reaction p+ p → Σ−
+∆++

+K+
and it cannot

be excluded that N∗/∆0
resonances contribute to the

Σ+π−pK+
channel as well. These contributions might

appear in the I = 0 channels and hence interfere with

the resonant amplitude.

Aside from the predictions by models that consider the

Λ(1405) as the combination of two main poles, one has

to consider those models where a single pole is associated
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TABLE II. Table with coefficients for the description of the

non−resonant background according to Eq. (4).

TΣπ a0 a1 a2

TΣ+π− 7.949 · 10−3 −4.412 · 10−7 −1.558 · 10−9

TΣ−π+ −2.387 · 100 2.512 · 10−3
1.315 · 10−6

TΣπ a3 a4

TΣ+π− 2.942 · 10−12 −1.121 · 10−15

TΣ−π+ −2.254 · 10−9
6.481 · 10−13

TABLE III. Obtained fit parameters after fitting Eq.s (2) and

(3) to the experimental data points in Fig. 3.

AΛ(1405) AΣ+π− AΣ−π+ α β
1.06 0.93 1.04 67

◦
109

◦

modified polynomials of 4th order, which read as follows:

TΣπ(m) =

�
Cp.s.(m)qc.m.

4�

n=0

anm
n

� 1
2

(4)

This parametrization has no physical meaning but it was

chosen such to describes the simulated Σπ invariant mass

distributions in [1]. The parameters an are given in units

of

��
MeV/c

2
�−n

�
and their values are listed in Table II.

The modified polynomials are multiplied by constant fac-

tors AΣ+π− and AΣ−π+ (see Eq. (2) and (3)), which

have dimensions of

� √
µb/c

MeV/c
2

�
. These are again free fit

parameters, determining the absolute yields of the non-

−resonant channels, where a value of AΣπ = 1 corre-

sponds to the yield extracted in [1]. Furthermore, com-

plex phases eiα and eiβ have been included so that the

modeled background can interfere with the Λ(1405) am-

plitude. The values of these phases are determined by

the fitting procedure as well. Hence, the simultaneous fit

of the two functions (2) and (3) to the experimentally de-

termined Σ+π−
and Σ−π+

invariant mass distributions

is characterized by five free parameters.

We consider here a scenario of maximal interference,

which means that the whole non−resonant background

interferes with the Λ(1405) amplitude. The best results

of the fitting procedure (gray lines) are illustrated to-

gether with the experimental data in Fig. 3 panel a) and

b). The black lines show the amplitude of the Λ(1405),
the red lines the contribution by the non−resonant Σπ
channels and the gray lines correspond to the coherent

sum of all contributions. The fit parameters are listed

in Table III. A reasonable description of the data is

achieved, expressed in a normalized χ2
value of 1.23. In

panel c) of Fig. 3 we show the sum of the two invari-

ant mass distributions and compare it to the sum of our

model (black line).

The main message of the three pictures is that, assum-

ing a maximal interference between the Λ(1405) and the
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FIG. 3. Missing mass spectrum to proton andK+
. The black

data points are the measurements of [1], for the Λ(1405) in

the Σ+π−
(a) and Σ−π+

(b) decay channel. Panel c) shows

the summed spectrum of a) and b). The black lines in a) and

b) are the results from the simultaneous fit with Eq. (2) and

(3), the gray line represents the sum of all fitted functions.

In c) the fit functions corresponding to the Σ+π−
and Σ−π+

channels respectively are shown in gray and the sum of both

functions is shown in the black line.

non−resonant contributions and the large phases given

in Table III, one obtains a shift of the maximum to

lower masses. This is the case although the mass maxi-

mum of the initial Λ(1405) amplitude is located around

1400 MeV/c2. By integrating
��AΛ(1405)TΛ(1405)

��2 (black

lines in panel a) and b)), the total cross section of the
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FIG. 4. (Color online) Same as Fig. 3 but now the data are

fitted with the Eq.s (5) and (6). See text for details.

ues are constrained and with the limited number of data
points, it is difficult to derive strict conclusions about
the relative contributions and the positions of the two
poles. It can just be claimed that a significant part of
the Λ(1405) amplitude could be associated to the second,
broad pole. One should also notice here that the Λ(1405)
signal shows a tail for masses above 1440 MeV/c2. This
tail was not considered by the authors of [1], who as-
sumed the Λ(1405) to be only located at lower energies
and who therefore used the high mass range of the Σπ
spectra to determine the contribution of the Σπ non-
−resonant channels. From the results in Fig. 4 and 5

|T (1405)|2

Cp.s.|BW1|2qc.m.
Cp.s.|BW2|2qc.m.

!"#$%&'()*
+,-. +,/ +,/.

0
'0
!
"#1
23
,"4
56
78
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)9

/9

:9

;9

9

FIG. 5. Λ(1405) signal (black line) obtained by fit-

ting Eq. (5) and (6) to the experimental data in Fig. 4.

The dotted and dashed lines show the contributions of

Cp.s.(m) |BW1(m)|2 qc.m. and Cp.s.(m) |BW2(m)|2 qc.m..

TABLE V. Obtained free fit parameters after fit with Eq.s (5)

and (6) with AΣ+π− and AΣ−π+ as additional free parame-

ters.

m0,1 Γ0,1 m0,2 Γ0,2 A1/A2 ϕ1 AΣ+π− AΣ−π+

1431 58 1375 146 0.204 164
◦

0.857 0.887

one sees, however, that this assumption might be too
simple. Thus, a further possibility is to not fix the non-
−resonant background but to treat AΣ+π− and AΣ−π+

as two additional fit parameters. Applying this new fit
to the data, results in the fit values listed in Table V.
The fit quality of χ2/ndf = 1.03 is as good as before,
but the contribution of the z1 pole is further reduced as
seen by comparing the A1/A2 ratios in Table IV and V.
However, as the number of free parameters has further
increased, the fit to the data is not robust anymore so
that the results of Table V are not very reliable.
In summary, it can be concluded that it is rather difficult
to precisely determine the relative contribution between
z1 and z2 and simultaneously to determine their exact
positions in the complex energy plane just by a fit to the
HADES data alone. In fact, an appropriate theory model
for proton-proton reactions with a serious treatment of
all possible background contributions is required to make
further conclusions. Nevertheless, the results obtained in
this work clearly show that, in order to describe the new
HADES data, a rather large contribution of the broad,
low mass Λ(1405) pole is needed, provided that no inter-
ference with the non−resonant background is present.
In this context, it would also be important to have more
restrictive constraints on the real and imaginary part
of z1 and z2. The values quoted above allow a rather
large variation of these parameters. However, the sit-
uation is even more unclear. In a recent work by Mai

Fits prefer two-pole scenario 
with poles located at: 

!p

p

p

K
+

!

}missing  mass
measurement

z1 = 1418 ! i 29 MeV z2 = 1375 ! i 73 MeV

Compare with :
 Chiral SU(3) coupled channels calculation

z1 = 1424 ! i 26 MeV z2 = 1381 ! i 81 MeV

Y. Ikeda, T. Hyodo,  W.W.  
 Nucl. Phys.  A881 (2012) 98
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 . . .  looking forward to SIDDHARTA 2 

Strategies:   Multiple scattering (MS) theory vs. three-body (Faddeev) calculations
                      with Chiral SU(3) Coupled Channels input

MS approach (fixed scatterer approximation): K!

d scattering length

K
!

N N

ãp =

!

1 +
mK

MN

"

a(K!p ! K!p)

ãn =

!

1 +
mK

MN

"

a(K!

n ! K
!

n)

Table 4: Parameters of the deuteron wave functions [6].

j Cj (fm!1/2) Dj (fm!1/2)
1 0.88472985 0.22623762 ! 10!1

2 "0.26408759 "0.50471056
3 "0.44114404 ! 10!1 0.56278897
4 "0.14397512 ! 102 "0.16079764 ! 102

5 0.85591256 ! 102 0.11126803 ! 103

6 "0.31876761 ! 103 "0.44667490 ! 103

7 0.70336701 ! 103 0.10985907 ! 104
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Figure 4: Wave functions of CD-Bonn [6].

Table 5: Estimate of K!d scattering length with Refs. [2, 3] and realistic deuteron wave functions
of CD-Bonn [6].

Input [2, 3] CD-Bonn
Full model AKd [fm] "1.54 + i1.64
No charge exchange AKd [fm] "1.04 + i1.34
Impulse approximation AKd [fm] "0.13 + i1.81
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Table 5: Estimate of K!d scattering length with Refs. [2, 3] and realistic deuteron wave functions
of CD-Bonn [6].

Input [2, 3] CD-Bonn
Full model AKd [fm] "1.54 + i1.64
No charge exchange AKd [fm] "1.04 + i1.34
Impulse approximation AKd [fm] "0.13 + i1.81
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full MS
no charge exchange
impulse approximation
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d) [fm]

S.S. Kamalov,  E. Oset,  A. Ramos:  Nucl. Phys.  A 690 (2001) 494
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Fig. 4. Uncertainty of the boundary of allowed values for AKd. The central value
(solid line) corresponds to the average of ap from scattering data and the SID-
DHARTA value; uncertainty (shaded area) from the combined errors of these two
sources.

4. In summary, we have reanalysed the predictions for the kaon-deuteron
scattering length in view of the new kaonic hydrogen experiment from SID-
DHARTA. Based on consistent solutions for input values of the K!p scatter-
ing length, we have explored the allowed ranges for the isoscalar and isovector
kaon-nucleon scattering lengths and explored the range of the complex-valued
kaon-deuteron scattering length that is consistent with these values. In partic-
ular, the new SIDDHARTA measurement is shown to resolve inconsistencies
for a0, a1, and AKd as they arose from the DEAR data. A precise measure-
ment of the K!d scattering length from kaonic deuterium would therefore
serve as a stringent test of our understanding of the chiral QCD dynamics
and is urgently called for.
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. . . and beyond :

Binding energy corrections 

Wave function overlap 
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MRR-improved Deser 
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. . . large effect on width 
 

 5 % on energy shift 
 10 % on width

Potential approach 
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S. Ohnishi, Y. Ikeda, T. Hyodo,  E. Hiyama,  W.W.  :    work in progress
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