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What is the Λ(1405)?

• **** resonance just below NK threshold (∼ 1435 MeV)

• I(JP ) = 0(1
2

−) [experimentally unconfirmed until now]

• Decays exclusively to (Σπ)0

• Past experiments have found the lineshape (= invariant Σπ mass
distribution) is distorted from a simple Breit-Wigner form

Main Question:

What is the nature of this distorted lineshape?
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The Λ(1405) in Hadron Spectroscopy
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The Λ(1405) in Hadron Spectroscopy
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The Lineshape of the Λ(1405)

• Several theories exist on the nature of the distorted lineshape

• All theories agree that there is a strong coupling between the
I Σπ channel (below NK threshold)
I NK channel (above NK threshold)

• Various theories:
I “normal” qqq-baryon resonance

(the constituent quark model has difficulty with Λ(1405) mass)
I unstable bound state of NK (promoted by Dalitz and others)
I deeply bound state of NK
I qqqqq
I dynamically generated resonance in

unitary coupled channel approach
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Coupled Channel Chiral Unitary Theory

Chiral Theory

Effective chiral Lagrangian describes the interactions of the ground state
baryons and mesons.

+

Coupled Channels

Exact unitarity is enforced amongst the coupled channels

⇓

• Many predictions on hadrons have been given by E. Oset and others
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Chiral Unitary Coupled Channel Approach

dynamically generate Λ(1405)
based on chiral unitary model

⇓

( )J.C. Nacher et al.rPhysics Letters B 455 1999 55–6158

the Bethe–Salpeter equation, and diagrammatically

this is shown in Fig. 2.

The sum implicit in Fig. 2 is easily evaluated. The

t Žg . matrix for the process with the j channel in thej

final state is given by means of the vector D sC Pj 1 j

Q
X
as:j

e i s=q eŽ .
Žg .t s D q D G T , 8Ž .Ýj j l l l j2 ž /2M4 f

l

where the on shell factorization of the strong ampli-
w x w xtude found in 9 and in 22 for the related electro-

magnetic process has been used. Diagrams where the

photon couples to the mesons or baryons inside the

loops are largely suppressed at threshold. One can

see that the contribution from the photon attached to

the meson vanishes exactly at threshold. This can be

seen by noting that the loop involves a term of the
3 Ž . Ž .type ePHd q q P f q ,q , with f q ,q a scalarL L L L

function. The integral is proportional to q and van-

ishes due to the Coulomb gauge constraint, ePqs0.

Similarly, for small values of the Kq momentum

one can prove that the corrections to the cross sec-
Ž .2 Ž qtion are of order krq k,q,K and photon mo-
.menta respectively when compared to the dominant

Ž .terms of Eq. 8 . Analogously, the contribution from

the photon attached to the baryon is of the order of
Ž 0 X0.k yk rq of the corresponding loops in Fig. 2
and hence also negligible in the energy range consid-

ered here.
Ž .The particular structure of Eq. 8 allows one to

obtain an easy formula for the invariant mass distri-

bution of the final j state, particularly suited to the

search of a resonance. We find

ds 1 1 MM 1js
3 2dM 4 s MsyM2pŽ .I Ij

=
—

2Žg .< <tÝÝ j

=l1r2 s,M 2 ,m2 l1r2 M 2 ,M 2 ,m2 ,Ž . Ž .I K I j j

9Ž .

where M is the invariant mass of the j state, M , mI j j

Ž .the masses of the j state and l x, y, z the ordinary

Kallen function.¨
In Fig. 3 we show dsrdM for the differentI

channels. While all coupled channels collaborate to

Fig. 2. Diagrammatic representation of the meson-baryon final
q Ž .state interaction in the g p™K L 1405 process.

Ž .the built up of the L 1405 resonance, most of them

open up at higher energies and the resonance shape

is only visible in the pqSy, pySq, p 0S 0 channels.

The KN production occurs at energies slightly above

the resonance and the p 0L, with isospin one, only
provides a small background below the resonance.

It is interesting to see the different shapes of the

three pS channels. This can be understood in terms

of the isospin decomposition of the states

1 1 1
q y< : < : < : < :p S sy 2,0 y 1,0 y 0,0 ,' ' '6 2 3

10Ž .
1 1 1

y q< : < : < : < :p S sy 2,0 q 1,0 y 0,0 ,' ' '6 2 3

11Ž .
1

20 0< : < : < :p S s 2,0 y 0,0 . 12( Ž .3 '3
Disregarding the Is2 contribution which is neg-

ligible, the cross sections for the three channels go

as:

2
2 21 1Ž1. Ž0. Ž0. Ž1.) q y< < < <T q T q Re T T ; p S ,Ž .2 3 '6

13Ž .
2

2 21 1Ž1. Ž0. Ž0. Ž1.) y q< < < <T q T y Re T T ; p S ,Ž .2 3 '6
14Ž .

1 2Ž0. 0 0< <T ; p S . 15Ž .3

Apr-20-2009, NSTAR2009, Beijing R. A. Schumacher, Carnegie Mellon University 1

Chiral Unitary Model Prediction
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Difference in Lineshape
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J. C. Nacher et al., Nucl. Phys. B455, 55

• Difference in lineshapes is due to interference of isospin terms in
calculation (T(I) represents amplitude of isospin I term)

• Distortion of the lineshape is connected to underlying QCD
amplitudes that generate the Λ(1405)

• This analysis will measure all three Σπ channels
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Summary of Current Experimental Status

• Data is sparse

• All experiments show a distortion from a Breit-Wigner

• more data is needed
D.W. Thomas et aL, 7r-p interactions at 1.69 Ge V/c 21 
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Fig. 3. Mass distribution of ~-+~+. The curves are the normalized distributions predicted by the 

parameters of(a) Berley et al. [18], (b) Kim [13] and (c) Martin and Sakitt [19]. 

(a) F rom our analysis of  the state A°Tr°K° (subsect. 3.2) and from the measured 

branching fraction of  2;(1385) -+ Zlr, we expect no more than 50 + 10 events due 

to 2;(1385) ° p roduc t ion  to lie in the 1340 - 1440 MeV mass region. 

(b) Examina t ion  of  the product ion  angular dis tr ibut ions for 2;(1385) -+ A°Tr ° 

(fig. 8) and for the I;-+7r -+ events in the peak region of fig. 3, shows them to be quite 

dissimilar. The A°rr ° events are peaked at 90 ° in the c.m.s, while the !;7r events 

(fig. 5) show forward product ion .  

(c) In a spin-parity analysis (subsect. 3.1.2), using the Byers-Fenster [2] technique 

we show the 2;(1385) ° is produced with a spin m o m e n t  t~ = 0.32 + 0.06. It is this 

large m o m e n t  which allows one to exclude J = 1 for this state and which also pro- 

duces a non-isotropic decay angular dis t r ibut ion (subsect. 3.2). Appl icat ion of the 

o = 0.05 + 0.06 and an isotropic same technique to the Zrr data yield a m o m e n t  t" 2 

decay angular d is t r ibut ion consistent  with J = !. 

(d) The absence of  interference with background or another  resonant  state re- 

quires the dis t r ibut ion in ~- • t ~*, in the Y* rest frame to be symmetr ic  (and iso- 

tropic f o r J  = !). For  the 2;-'7r + events, this dis t r ibut ion is isotropic and has a for- 

ward/backward ratio of  1.03 + 0.10. 

Thus, the 2;+ 7r ~ data indicate the product ion  of  a state different  from ~(1385)  

and suggest this state does no t  interfere strongly with any other. 

D. W. Thomas et al., Nucl. Phys. B56, 15 (1973)
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Summary of Current Experimental Status

• Data is sparse

• All experiments show a distortion from a Breit-Wigner

• more data is needed750 R.J. Hemingway / Production of A(1405) 

240 

200 

160 

o 

% 120 
o J  

" O  

e -  

o ,  8 0  

40 

I I I 

I:  Srei -Wig.e  
, t i ~ . ~  K- Matrix Fit 

7 t  
'l 

1.35 I./,0 I./,5 

m 

Mass(£+~ -)  GeV 

Fig. 4. l nvariant mass distribution of the ~: + ~r- system from the reaction K-p ~ • + ~r-~'+ ~r- at 4.2 GeV/c 
with the restrictions t'(K ~ ' + r r - ~  "+) < l.O(GeV/c) 2 and 1.60~ < M(2+~ 7r+)<~ 1.72 GeV. The curves 

represent models described in the text. 

statist ics o f  the exper iment .  Fig. 5 shows the I{°nTr + and  K°n mass  spect ra  from 

reac t ion  (3) with the select ion t ' ( p o I ~ ° n ~ - + ) <  1 . 0 ( G e V / c )  2. In  cont ras t  to the 

2;+7r ~-+ spec t rum of  fig. 2a, no ind ica t ion  of  X(1660) p roduc t ion  is seen. With in  

the ~ (1660)  mass  region (1.60<~ m ( K ° n ~ - + ) ~  < 1.72 GeV) no p r o m i n e n t  peak ing  o f  

the I~°n spec t rum is seen close to the I{N th resho ld  (1.437 GeV),  a l though some 

p roduc t ion  o f  A (1520) is indica ted .  

We can now use these da ta  to p rov ided  an u p p e r  l imit  to the relat ive b ranch ing  

rat io A(1405)~K,N/XTr .  Assuming  that  all the events in the mass  region 1.437- 

R. J. Hemingway, Nucl. Phys. B253, 742 (1985)
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Summary of Current Experimental Status

• Data is sparse

• All experiments show a distortion from a Breit-Wigner

• more data is needed
M. NIIYAMA et al. PHYSICAL REVIEW C 78, 035202 (2008)
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FIG. 7. Missing mass of the γp → K+X reaction in data set (II) in two photon energy ranges: (a) 1.5 < Eγ < 2.0 GeV and (b) 2.0 <

Eγ < 2.4 GeV. The experimental data are shown as closed circles. The data were fitted with spectra determined by MC simulation of
K+"(1405), K+#0(1385), K+"(1520), nonresonant (K+#π ), and K∗0#+ production. The solid histograms show fit results. The solid lines,
open circles, dashed lines, and dot-dashed line show spectra of K+"(1405), K+#0(1385), nonresonant (K+#π ), and K∗0#+ production,
respectively.

The fit results did not change significantly, and this theoretical
model is also seen to be consistent with the experimental
data. In the high-photon-energy region, the line shape of
"(1405) is unclear, and the yield of "(1405) extracted by
fitting depends on the estimation of the background reaction.
A more conservative yield estimation will be discussed later.

After correcting for the detector acceptance and decay
branches of the hyperon resonances, the production ratios of
"(1405) to #0(1385) were obtained as "∗/#∗ = 0.54 ± 0.17
and 0.084 ± 0.076 for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ <
2.4 GeV, respectively. The systematic uncertainties due to the
detection efficiency of the TPC, the target thickness, and the
number of photons were canceled out in the ratio.

Finally, the absolute values of the differential cross sec-
tions of "(1405) and #0(1385) production off protons were
measured from data set (I) using the production ratio of these
two hyperons determined above. The event selection criteria
were the same as for the analysis of the γp → K+"/#0

production reactions. Details can be found in Ref. [4]. The
angular coverage for forward going K+’s was matched with
that of data set (II) by selecting the overlapping region,
0.8 < cos %KCM

< 1.0.
Figure 8 shows MM(K+) from the liquid hydrogen target

for 0.8 < cos %KCM < 1.0 and the two photon energy ranges,
1.5 < Eγ < 2.0 GeV (a) and 2.0 < Eγ < 2.4 GeV (b) in

data set (I). The experimental data (open circles) were fitted
with distributions for "(1405) (hatched), #0(1385) (dotted),
"(1520) (dot-dashed), and background reactions (dashed).
The background reactions considered were nonresonant
(K+"π ), (K+#π ), (K+K−p), and φ-meson production. The
normalization factor of each background spectrum was deter-
mined by fitting, and the sum of these background spectra are
shown. The spectral shape of "(1405) was assumed to be the
one of the theoretical calculation by Nacher et al. [9]. A linear
background was introduced to explain the background events
at the threshold of (K+"π0) production, 1.25 GeV/c2, where
the contribution from K+#0 production was negligible. These
background events might be caused by the mismeasurement
of the photon energy or the K+ momentum or near threshold
enhancement of (K+"π0) production which was not included
in the MC simulation. The main systematic uncertainties due
to this background were estimated to be +1.0

−27 % and +8.1
−0.94%

for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respec-
tively, by fitting with various slope parameters of the linear
background and without the linear background. The other
sources of systematic uncertainties are summarized in Table
II. The differential cross sections of "(1405) production were
found to be dσ/d(cos θ ) = 0.43 ± 0.088(stat.)+0.034

−0.14 (syst.)
µb and 0.072 ± 0.061(stat.)+0.011

−0.0056(syst.) µb for 1.5 < Eγ <
2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively. Those

TABLE II. The sources of systematic uncertainties for the measurement of differential cross sections.

The sources of uncertainties 1.5 < Eγ < 2.0 GeV 2.0 < Eγ < 2.4 GeV
Background around (K+"π ) threshold +1.0

−27 % +8.1
−0.94%

The sources of uncertainties 1.5 < Eγ < 2.4 GeV
Thickness of the liquid H2 target 1.0%
Number of photons 1.2%
Photon transmission efficiency 3.0%
Accidental veto by the aerogel Čerenkov counter 1.6%

035202-8

M.

Niiyama et al., Phys. Rev. C78, 035202 (2008)
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JLab and CLAS

• Jefferson Lab (JLab) located in Newport News, VA
• CEBAF (Continuous Electron Beam Accelerator Facility) gives 2 ns

timing electron beam up to 6 GeV
• Halls A, B, C (+ D: upcoming)
• Hall B = CLAS (CEBAF Large Acceptance Spectrometer)

collaboration
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Data From CLAS@JLab

• CLAS@Jefferson Lab

• liquid LH2 target

• γ + p → K+ + Λ(1405)

• real unpolarized photon
beam

• Eγ < 3.84 GeV

• ∼ 20B total triggers

• measure charged particle
I ~p with drift chambers
I timing with TOF walls
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Reaction of Interest

γ + p → K+ + Λ(1405) → K+ + Σ + π

• Final state of interest is K+,Σ, π

• Σπ resonances: Σ(1385), Λ(1405), Λ(1520)
• K+π resonance: K∗ when π = π+ or π0

• besides the K+Σπ state, we will also detect the K+Λπ state
I Resonance of Λπ will be Σ(1385)
I Resonance of K+π will be K∗

• Background channels:
I Σ(1385) – close in mass, large width (∼ 35 MeV)
I K∗ – overlap in 3-body phase space plot of K+,Σ, π
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Background Channels

• Σ0(1385) → Σπ
I BR(Λπ0) = 87% � BR(Σ±π∓) = 6% each
⇒ measure in Λπ0, scale down to each Σπ channel

I influence should be small due to branching ratio
• K∗Σ

I broad width – will overlap with signal
I subtract off incoherently
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Σ(1385) is Fit in Λπ0 Channel (γ + p → K+ + p + π− + π0)
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1 energy and angle
bin out of ∼ 150

• Σ(1385) is fit with templates of MC of
I Σ(1385) (non-relativistic Breit-Wigner)
I K∗+Λ MC

• very good fit results
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Σ(1385) is Fit in Λπ0 Channel (γ + p → K+ + p + π− + π0)
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• very good fit results
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Σ(1385) is Fit in Λπ0 Channel (γ + p → K+ + p + π− + π0)
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• Σ(1385) is fit with templates of MC of
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Fit to Lineshape With MC Templates

 Invariant Mass (GeV)π Σ
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example:
1 energy and angle
bin out of ∼ 150

• subtract off Σ(1385), Λ(1520), K∗0

• assigned the remaining contribution to the Λ(1405)
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Fit to Lineshape With MC Templates
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Results of Lineshape
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• lineshapes do appear different for each Σπ decay mode

• Σ+π− decay mode has peak at highest mass, narrow than Σ−π+

• lineshapes are summed over acceptance region of CLAS

• difference is less prominent at higher energies
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Theory Prediction From Chiral Unitary Approach

Apr-20-2009, NSTAR2009, Beijing R. A. Schumacher, Carnegie Mellon University 1

Chiral Unitary Model Prediction
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455, 55 (1999).
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J. C. Nacher et al., Nucl. Phys. B455, 55

• Σ−π+ decay mode peaks at highest mass, most narrow

• difference in lineshapes is due to interference of isospin terms in
calculation (T(I) represents amplitude of isospin I term)

• we have started trying fits to the resonance amplitudes
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Λ(1405) Differential Cross Section Results
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• lines are fits with 6rd order Legendre polynomials

• clear turnover of Σ+π− channel at forward angles

• theory: contact term only, no angular dependence for interference

• experiment: able to see strong isospin AND angular interference effect
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Λ(1405) Differential Cross Section Results
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• lines are fits with 6rd order Legendre polynomials

• clear turnover of Σ+π− channel at forward angles

• theory: contact term only, no angular dependence for interference
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Λ(1520) Differential Cross Section Comparison
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Prelim
inary

• binning is in t− tmin

• good agreement with pK− channel from CLAS (unpublished)
— data provided by R. de Vita et al. (INFN Genova)
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Extrapolation of Cross Sections

• Ad hoc functions were chosen to fit the measured cross sections
• total cross section σtot depends strongly on how cross section is

extrapolated
• final result is a statistical mean of the various fit functions used

• Σ(1385)
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Extrapolation of Cross Sections
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Extrapolation of Cross Sections

• Ad hoc functions were chosen to fit the measured cross sections
• total cross section σtot depends strongly on how cross section is

extrapolated
• final result is a statistical mean of the various fit functions used

• Λ(1520)
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Extrapolated Total Cross Sections

• final result is a statistical mean of the various fit functions used

• Σ(1385)
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Extrapolated Total Cross Sections

• final result is a statistical mean of the various fit functions used

• Λ(1405)
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Extrapolated Total Cross Sections

• final result is a statistical mean of the various fit functions used

• Λ(1520)
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Extrapolated Total Cross Sections

• final result is a statistical mean of the various fit functions used

• comparison of Σ(1385), Λ(1405), Λ(1520)

γE
1 1.5 2 2.5 3 3.5 4

b]µ
  [

w
ei

gh
te

dA
ve

ra
ge

to
t

σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4
(1405)Λ(1405) weighted average of extrapolated Λ

(1385)Σ(1385) weighted average of extrapolated Σ

(1520)Λ(1520) weighted average of extrapolated Λ

K. Moriya (IU) Λ(1405) lineshape May 2011 23 / 24

kmoriya
Text Box
preliminary



Conclusion

• Most precise measurement of Λ(1405) for any reaction

• Strong hints of “dynamical” nature

• Difference in lineshapes observed
I Strong effects of both isospin I = 0 and I = 1
I Hints of dynamical nature of Λ(1405)?
I Shifts in opposite direction compared to theory

• Difference in dσ/dcosθc.m.
K+ behavior observed

I Again, effects of both isospin I = 0 and I = 1
I Cross sections for Σ(1385) and Λ(1520) also measured

• Spin and parity experimentally determined for first time
I JP = 1

2

−

I Polarization at forward K+ angles, higher energies W ∼ 2.5-2.8 GeV is
∼ 40%

I Falloff of lineshape at NK threshold also supports JP = 1
2

−
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Fit to Lineshape With MC Templates
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example:
1 energy and angle
bin out of ∼ 150

• subtract off Σ(1385), Λ(1520), K+Σ−π+ phase space
• assigned the remaining contribution to the Λ(1405)
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M(Σ−π+) vs M(K+π+) Plots
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Effect of K∗ on Lineshape

1.950 < W [GeV] < 2.050 (below K∗ threshold)
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Effect of K∗ on Lineshape

1.950 < W [GeV] < 2.050 (below K∗ threshold)
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Comparison of Lineshapes for Two Σ+Channels
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Λ(1405) Comparison of Two Σ+Channels
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Λ(1405) Comparison of Two Σ+Channels
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Λ(1405) Comparison of Two Σ+Channels
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Λ(1520) Comparison of Two Σ+Channels
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Λ(1520) Comparison of Two Σ+Channels
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Λ(1520) Comparison of Two Σ+Channels
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Outline

5 Backup Slides

6 Spin and Parity
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JP of Λ(1405)

no previous direct experimental evidence for the spin and parity
(PDG assumes 1/2−) “Note on the Λ(1405)” 1998 PDG, R.H. Dalitz

How do we measure these quantities?

• spin – measure distribution into Σπ
I flat distribution is best evidence

possible for J = 1/2
• parity – measure polarization of Σ

from Λ(1405)
I Polarization direction as a

function of Σ decay angle will be
determined by JP of Λ(1405) Λ(1405)

Σ+

π−

θΣ

polarization

polarization

1

K. Moriya (IU) Λ(1405) lineshape May 2011 8 / 11



Determination of Spin

Fit to Σπ distribution is FLAT
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• consistent with J = 1/2
• fits to higher moments may be necessary
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s-wave, p-wave Scenario

L = 0 (s-wave)
~PΣ+ = ~PΛ∗

Σ

PPΛ∗

θΣ
+

+

Σ
+

Λ(1405)

Λ(1405) → Σπ is s-wave
⇔ JP = 1/2−

L = 1 (p-wave)
~PΣ+ = |~PΛ∗ |n̂(2θΣ+)

Σ

PPΛ∗

θΣ
+

+

Σ
+

Λ(1405)

Λ(1405) → Σπ is p-wave
⇔ JP = 1/2+

K. Moriya (IU) Λ(1405) lineshape May 2011 10 / 11



Determination of Parity

polarization of Λ(1405) in direction ⊥ to production plane is measured

• W = 2.6 GeV

• forward K+angles

• use reaction:
Λ(1405) → Σ+π−,
Σ+ → pπ0

• very large hyperon decay
parameter α = −0.98

• background is ∼ 10%
Σ(1385)

+Σθcos
-1 -0.5 0 0.5 1

zP
-1

-0.5

0

0.5

1

s-wave

p-wave

2.550<W<2.650
<0.70K+θ0.60<cos

polarization does not change with Σ+ angle (θΣ+)

⇒ JP = 1/2− is confirmed

furthermore, this measured Σ+ polarization is the Λ(1405) polarization

⇒ Λ(1405) is produced with ∼ +40% polarization
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