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what is the Λ(1405) ?

• **** resonance just below NK threshold

• JP = 1
2

−
(experimentally unconfirmed)

• can only be observed by reconstructing (Σπ)0 spectrum

• has always been a puzzle on what the nature of the state is
• past experiments have found the lineshape (= invariant Σπ mass

distribution) to be distorted from a simple Breit-Wigner form

• what is the nature of this distorted lineshape?
• “normal” qqq-baryon resonance
• L = 1 SU(3) singlet in constituent quark model
• molecular NK bound state
• uds singlet coupled to S-wave meson-baryon systems
• udsg hybrid, qqqqq
• dynamically generated resonance in unitary coupled channel approach
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unitary coupled channel approach

dynamically generate Λ(1405)

( )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
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Chiral Unitary Model Prediction
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! Lineshape of “#(1405)” 
predicted to depend on "! 
decay channel 

! J. C. Nacher, E. Oset, H. 
Toki, A. Ramos, Phys. Lett. B 
455, 55 (1999).
! Chiral Lagrangian + mB FSI 

+ Channel Coupling
! I(" !) = {0,1,2} – not in an 

isospin eigenstate
! I=2 contributions negligible
! Interference between I=0 

and I=1 amplitudes modifies 
mass distributions
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difference in lineshape
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• difference in lineshapes is due to interference of isospin terms in
calculation (T (I) represents amplitude of isospin I term)
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goals of Λ(1405) analysis

• measure the lineshape in the three Σπ channels
(Σ+π−, Σ0π0, Σ−π+)

• determine the differential cross section
(what kind of angular/Mandelstam t dependence?)

• if distortion of lineshape is observed, this could be the first
observation of a non-qqq baryonic structure

• determine the spin and parity
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the g11a data set taken at CLAS

• ran from May to July 2004

• photoproduction experiment on a proton target

• photon energies from below Λ(1405) threshold to 3.84 GeV

• large dataset with ∼ 20 billion triggers

• current estimates of reconstructed Λ(1405) events: ∼ 272K
(from fits shown later)

data is binned in:

• 10 bins of 100 MeV wide
W bins

• ∼ 20 bins of t in each W
bin
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reaction of interest

γ + p Σ+π−

Σ0π0

K++ Λ(1405)

Σ−π+

p(π0)π−

(n)π+π−

pπ−(π0, γ)

33%

33%

33%

52%

48%

100%

64%

• 3 Σπ decay channels (2 decay modes for Σ+π−)

• This will be the first experimental result to compare all 3 Σπ decay
modes
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decay channel selection cut
example in 1 bin:

• γ + p→ K+π+π−(n)
• detect K+, π+, π−, reconstruct missing neutron

• fit to Gaussian and select ±3σ around neutron peak

2MM
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

co
u

n
ts

0

500

1000

1500

2000

2500

3000

3500

4000

4500 2.050 <W< 2.150
-0.270<t<-0.135
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intermediate ground state hyperon
example in 1 bin:

• neutron combined with π± reconstructs Σ±

• project on each axis, select ±2σ, exclude other hyperon
• diagonal band (K0 from π+π−) is also excluded

,n)-!(2M
1.2 1.4 1.6 1.8 2

,n
)

+ !(2
M

1.2

1.4

1.6

1.8

2 2.050 <W< 2.150
-0.270<t<-0.135

+"

-"
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background (1) – Σ(1385)

• close in mass and width to Λ(1405)
• decays primarily to Λπ0 (B.R. ∼ 88%)
• small B.R. to Σ±π∓: ∼ 6% each

⇒ calculate Σ(1385) cross section in each bin from Λπ0 channel, then
scale down by B.R. to extract yield in Σπ channels

)0!"M(
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

co
un

ts

0

50

100

150

200

250

300

350

400 2.050 <W< 2.150
-0.270<t<-0.135

total counts: 4565

data
(1385) MC#

 MC" *+K
background
sum of MC
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background (1) – Σ(1385)

• close in mass and width to Λ(1405)
• decays primarily to Λπ0 (B.R. ∼ 88%)
• small B.R. to Σ±π∓: ∼ 6% each

⇒ calculate Σ(1385) cross section in each bin from Λπ0 channel, then
scale down by B.R. to extract yield in Σπ channels

|
min

|t-t
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

)2
b/
G
eV

µ(
dt!d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

<1.99"1.77<E

Pre
limi

nar
y

K. Moriya (CMU) CLAS Λ(1405) September 2009 11 / 22



background (2) – K∗0Σ+

• Γ ∼ 50 MeV
• strong overlap with Λ(1405) in lower W bins, separated at higher

energies

⇒ generated MC and subtract off incoherently
(checks need to be done for interference)

low energy bin
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example of fit to lineshape

 Invariant Mass (GeV)π Σ
1.3 1.4 1.5 1.6 1.7 1.8

co
u

n
ts

0

100

200

300

400

500

600

data
(1405) MCΛ"nominal" 

(1520) MCΛ
 MC+Σ *0K

(1385) MCΣ
background
sum of MC

2.050 <W< 2.150  -0.270<t<-0.135

reaction:

γ + p→ K+ + Λ(1405)

→ Σ+ + π−

→ n+ π+

”nominal” Λ(1405)

• Monte Carlo generated with PDG values of mass, width

• all Monte Carlo was processed through detector simulation
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example of fit to lineshape

 Invariant Mass (GeV)π Σ
1.3 1.4 1.5 1.6 1.7 1.8

co
u

n
ts

0

100

200

300

400

500

600

data
(1405) MCΛ"nominal" 

(1520) MCΛ
 MC+Σ *0K

(1385) MCΣ
background
sum of MC

2.050 <W< 2.150  -0.270<t<-0.135

reaction:

γ + p→ K+ + Λ(1405)

→ Σ+ + π−

→ n+ π+

Σ(1385)
• strong overlap with Λ(1405) due to close mass and width

• Λπ0 decay mode was used to fix yield in Σπ decay modes

• Monte Carlo generated with PDG values of mass, width
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example of fit to lineshape

 Invariant Mass (GeV)π Σ
1.3 1.4 1.5 1.6 1.7 1.8

co
u

n
ts

0

100

200

300

400

500

600

data
(1405) MCΛ"nominal" 

(1520) MCΛ
 MC+Σ *0K

(1385) MCΣ
background
sum of MC

2.050 <W< 2.150  -0.270<t<-0.135

reaction:

γ + p→ K+ + Λ(1405)

→ Σ+ + π−

→ n+ π+

Λ(1520)

• Monte Carlo generated with PDG values of mass, width

• well-established Breit-Wigner lineshape
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example of fit to lineshape

 Invariant Mass (GeV)π Σ
1.3 1.4 1.5 1.6 1.7 1.8

co
u

n
ts

0

100

200

300

400

500

600

data
(1405) MCΛ"nominal" 

(1520) MCΛ
 MC+Σ *0K

(1385) MCΣ
background
sum of MC

2.050 <W< 2.150  -0.270<t<-0.135

reaction:

γ + p→ K+ + Λ(1405)

→ Σ+ + π−

→ n+ π+

K∗0

• strong kinematic overlap with Λ(1405)
• Monte Carlo generated with PDG values of mass, width
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example of fit to lineshape

 Invariant Mass (GeV)π Σ
1.3 1.4 1.5 1.6 1.7 1.8

co
u

n
ts

0

100

200

300

400

500

600

data
(1405) MCΛ"nominal" 

(1520) MCΛ
 MC+Σ *0K

(1385) MCΣ
background
sum of MC

2.050 <W< 2.150  -0.270<t<-0.135

reaction:

γ + p→ K+ + Λ(1405)

→ Σ+ + π−

→ n+ π+

⇒ after fitting with the above templates, we subtracted off contributions
from the Σ(1385), Λ(1520) , K∗0, and assigned the remaining
contribution to the Λ(1405) .
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acceptance correction

• after subtracting background contributions, we are left with
“residual” spectrum

• to correct for dependence of the lineshape on acceptance, we have
calculated the acceptance as a function of lineshape

• our lineshape results are summed over the t bins in each energy bin

)-π +ΣM(
1.3 1.35 1.4 1.45 1.5 1.55 1.6
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p
ta

n
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-310

-210

2.050 <W< 2.150

-0.270<t<-0.135

(1405)Λ

 threshold-π +Σ

K. Moriya (CMU) CLAS Λ(1405) September 2009 14 / 22



results of lineshape after acceptance correction

 Invariant Mass (GeV)π Σ
1.3 1.35 1.4 1.45 1.5

b
/G

eV
]

µ
/d

M
 [

σd

0

0.5

1

1.5

2

2.5 <1.99γ1.77<E  weighted average-π +Σ
0π 0Σ
+π -Σ

Prelim
inary

different lineshapes for each Σπ decay mode

• lineshapes do appear different for each Σπ decay mode

• Σ+π− decay mode has peak at highest mass, most narrow
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results of lineshape after acceptance correction

 Invariant Mass (GeV)π Σ
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Prelim
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different lineshapes for each Σπ decay mode

• lineshapes do appear different for each Σπ decay mode

• Σ+π− decay mode has peak at highest mass, most narrow
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results of lineshape after acceptance correction

 Invariant Mass (GeV)π Σ
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Prelim
inary

different lineshapes for each Σπ decay mode

• lineshapes do appear different for each Σπ decay mode

• Σ+π− decay mode has peak at highest mass, most narrow
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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).
! Chiral Lagrangian + mB FSI 

+ Channel Coupling
! I(" !) = {0,1,2} – not in an 

isospin eigenstate
! I=2 contributions negligible
! Interference between I=0 

and I=1 amplitudes modifies 
mass distributions
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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)
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differential cross sections

• summing over the lineshape gives differential cross section

• Λ(1520) serves as a check of systematics

• at lower energies where lineshapes differ, differences in dσ
dt

are
observed

dσ

dt
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differential cross sections

• summing over the lineshape gives differential cross section

• Λ(1520) serves as a check of systematics

• at lower energies where lineshapes differ, differences in dσ
dt

are
observed

dσ

dt
[µb/GeV2] for 2.350 < W < 2.450 (GeV)

Λ(1405)

|
min

|t-t
0 0.5 1 1.5 2 2.50

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
 average-π +Σ

0π 0Σ
+π -Σ

Prelim
inary

Λ(1520)

|
min

|t-t0 0.5 1 1.5 2 2.5 30

0.1

0.2

0.3

0.4

0.5

0.6

0.7
 average-π +Σ

0π 0Σ
+π -ΣPrelim

inary

K. Moriya (CMU) CLAS Λ(1405) September 2009 17 / 22



differential cross sections

• summing over the lineshape gives differential cross section

• Λ(1520) serves as a check of systematics

• at lower energies where lineshapes differ, differences in dσ
dt

are
observed
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JP of Λ(1405)

no previous direct experimental evidence for the spin and parity of the
Λ(1405) (PDG assumes 1/2−)
How do we measure these quantities?

• spin – measure distribution into Σπ

• flat distribution is best evidence
possible for J = 1/2

• parity – measure polarization of Σ
from Λ(1405)

• 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
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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+
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determination of spin of Λ(1405)

fits to J = 1
2

and J = 3
2

distributions done to

• Λ(1405) → Σ+π−

• Σ(1385) → Λπ0

• 3 bins of W centered at
2.6, 2.7, 2.8 GeV with
forward K+angles

• selected region has kinematic
separation from K∗0 bg

W (GeV)
2.6 2.65 2.7 2.75 2.8

/n
d

f
2 χ

0

2

4

6

8

10

12

/ndf for BF, 10x10, accLimit = 1.000, dataLimit = 02χ

(1405) 1/2Λ
(1405) 3/2Λ
(1385) 1/2Σ
(1385) 3/2Σ

/ndf for BF, 10x10, accLimit = 1.000, dataLimit = 02χ

with J = 3/2 fit, χ2/ndf is reduced for Σ(1385),
but almost no reduction for Λ(1405)

⇒ best possible evidence for J = 1/2
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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

!"cos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

zP
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

s-wave
p-wave

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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conclusion

• high statistics measurement of Λ(1405) photoproduction has been
done with CLAS at Jlab

• difference in lineshape for different decay modes has been
observed

• difference in cross section for different decay modes has been
observed

• spin and parity are experimentally established for the first time

• as a bonus, polarization of Λ(1405) is found to be ∼ 40% at
W ∼ 2.6 GeV, forward K+angles

⇒ best evidence to date of possible deviation from a simple qqq-structure.
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