
Kei Moriya1

Photoproduction of the 
Λ(1405) at CLAS

and
Future Spectroscopy Studies 

at GlueX

2013/05/28    NSTAR2013

1. kmoriya@indiana.edu

1

mailto:kmoriya@indiana.edu?subject=email%20subject
mailto:kmoriya@indiana.edu?subject=email%20subject


Outline

• Measurements of the Λ(1405) line shape in 
photoproduction

• Measurements of the cross sections of 
Λ(1405), Σ(1385), Λ(1520)

• Prospects of studies with GlueX

- exotic mesons

- Ξ baryons

- further searches

CLAS@6GeV

GlueX@12GeV
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What is the Λ(1405)?
• State known since 1950’s1

• Not known where it belongs in spectrum - CQM 
does not predict the mass correctly2

• Decays to Σπ: “line shape” = invariant mass spectrum 
is not a simple  Breit-Wigner form

• Mass is just below NK threshold, but strongly couples 
to NK - why?

1. Dalitz, Tuan, Ann. Phys. 8, 100 (1959), Ann. Phys. 10, 307 (1960)

2. Isgur, Karl, PRD 18, 4187 (1978)

What are the dynamics of the Λ(1405)?

¯
¯
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Chiral Unitary Coupled Channel Approach

dynamically generate ⇤(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 !g . 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 e! .
!g .t s D q D G T , 8! ."j j l l l j2 # /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 ! . ! .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-
! .2 ! qtion are of order krq k,q,K and photon mo-
.menta respectively when compared to the dominant

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

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

ered here.
! .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 MsyM2p! .I Ij

=
—

2!g .< <t"" j

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

9! .

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

! .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 ! .state interaction in the g p™K L 1405 process.

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

10! .
1 1 1y q< : < : < : < :p S sy 2,0 q 1,0 y 0,0 ,' ' '6 2 3

11! .
1

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

ligible, the cross sections for the three channels go

as:

2
2 21 1!1. !0. !0. !1.) q y< < < <T q T q Re T T ; p S ,! .2 3 '6

13! .
2

2 21 1!1. !0. !0. !1.) y q< < < <T q T y Re T T ; p S ,! .2 3 '6
14! .

1 2!0. 0 0< <T ; p S . 15! .3

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

Chiral Unitary Model Prediction

!+"!

!0"0
!!""

! 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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J. C. Nacher et al., Phys. Lett. B455, 55 (1999)
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Line shape of Λ(1405)
• Chiral Unitary Theory (χUT) predicted the line shape of 

the Λ(1405)→Σπ in photoproduction 1

• Interference with I=1 amplitude causes                     
line shape to be different for each Σπ channel

• “Dynamically generated”resonance? 2

• Reaction:

1. Nacher, Oset, et al., Phys. Lett. B 455, 55 (1999)

γ + p → K+ + Λ(1405)
→ Σ π

2. Recent review in Hyodo, Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)
4
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Jefferson Lab and CLAS
• Located in Newport News, VA (USA)

• CEBAF accelerator provides electron beam every 2 ns

• Currently up to 6 GeV, future running @12 GeV

• CLAS detector provides charged 
particle tracking with DC/TOF

• Photoproduction on a liquid H2 
target

• Large statistics, more than 20B 
triggers
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Extraction of Λ(1405)
• Reconstruct ground state Λπ, Σπ states

• Remove Σ(1385)→Σπ by scaling down 
contribution from dominant Λπ channel

• Remove other channels (K*Σ, Λ(1520)) by 
incoherent fits with Monte Carlo templates

total fit result
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Fit to Σ+π- channel

iterated Λ(1405) 
line shape



Line shape of the Λ(1405)
• CLAS has measured the line shape for all Σπ 

channels over a broad range of energies1

1. Moriya et al. (CLAS), PRC 87, 035206 (2013),
curves are Nacher, Oset, et al., Phys. Lett. B 455, 55 (1999)

MEASUREMENT OF THE !" PHOTOPRODUCTION . . . PHYSICAL REVIEW C 87, 035206 (2013)

than the sum of the two errors. The agreement between the
two decay mode reconstruction channels is generally good.
The average of these two measurements will be used in the
subsequent comparisons with the other charge decay modes.

In all cases the !+"! mass distribution clearly peaks at
a mass of around 1420 MeV/c2, which is higher than the
nominal mass of the #(1405) at 1405.1 MeV/c2 listed by the
PDG [25]. We also note the sharp drop or break of the mass
distributions at the NK̄ threshold near 1.435 GeV/c2, which
is a signature of the opening of a new threshold for S-wave
resonances. This is discussed in Sec. IX.

B. Line shape results for all !" channels

Our main results [44], the line shape comparison for all
three !" channels, is shown in Fig. 17. As noted, the !+"!

channel is the weighted average of the two measured final
states. The !0"0 channel and !!"+ channels are again shown
with inner and outer error bars, where the inner bars are
statistical, and the outer bars include the estimated residual
discrepancy in the fits added in quadrature to the inner bars.
For each of nine bins in invariant energy W , we show the !"
mass distribution in each of three charge states. The data have
been summed over the full range of measured kaon production
angles. The large-angle cutoffs were not quite identical for all
charge states because of differing acceptances, but because the
cross sections get very small at large angles (cos $ c.m.

K+ < !0.5)
we can neglect these differences.

For all energies, it is evident that the line shapes differ
markedly between charge states; in some regions they differ by
well over 5% . This occurs far away from the indicated reaction
thresholds, making it unlikely that the effects are attributable
to mere mass differences. None of the mass distributions are
reproduced by the simple relativistic Breit-Wigner line shape
with PDG-given centroid and width. The !+"! channel peaks
at a higher mass than the !!"+ channel, while having a
width that is significantly smaller. The charge dependence
of the mass distributions is largest for W between 2.0 and
2.4 GeV. For W approaching 2.8 GeV the mass distributions
tend to merge together. This hints that whatever I "= 0 coherent
admixture of isospin states is at work here, it fades away at
higher total energy. Our own fit to the line shapes to extract
our best estimates for the mass and width of the #(1405) and
other structures causing this charge-dependence of the mass
distributions are shown in Sec. IX.

Comparing our line shape results to the prediction of Nacher
et al. [7] computed in a chiral unitary model approach, we see
in Fig. 18 that they are indeed different for each !" channel.
In the chiral unitary theory this was explained as an I = 1
amplitude interfering with the I = 0 #(1405) amplitude in
such a way that the !+"! and !!"+ channels were shifted
in opposite directions due to the interference term. The model
curves were computed for E& = 1.7 GeV, but we compare with
our results at E& = 1.88 GeV because our statistics are better
there. The model calculation uses a Weinberg-Tomozawa
contact interaction that is energy and angle independent,
allowing us to compare the model to the data in any energy
bin. In our results it is the !+"! channel that is shifted to
higher mass with a narrower width, and the !!"+ channel is
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FIG. 18. (Color online) Mass distributions at W = 2.10 GeV and
E& = 1.88 GeV in comparison to the model of Nacher et al. [7] scaled
down by a factor of 2.0. The !+"! channel is shown as red circles
and the red dot-dashed line; the !0" 0 channel is shown as the blue
squares and the blue dashed line; the !!"+ channel is shown as the
green triangles and the green solid line. The dashed vertical colored
lines at the left side show the reaction thresholds, and the vertical
dashed lines at 1.405- and 1.437-GeV mark the nominal centroid and
the NK̄ thresholds, respectively. The error bars on the data points are
combined statistical and point-to-point systematic uncertainties.

smaller and wider, in contrast to the model calculation. Also,
the model curves have been scaled down by a factor of 2.0
to match the data, suggesting that the model overestimates
the strength of the photocouplings by that amount. In Sec. IX
we make our own phenomenological isospin decomposition
to find a plausible explanation of what is seen.

The other existing prediction for the mass distribution of
the !" final states is that of Lutz and Soyeur [11]. In their
so-called double kaon pole model, the combined effects of the
!(1385) and the #(1405) were considered, and this produced
some variation among the three charge combinations we have
presented. However, as has been discussed, we subtracted off
the effect of the !(1385) and still are left with a substantial
variation in the three final states. We do not compare our results
directly to theirs because they are qualitatively similar in shape
to those of Ref. [7] and also because they are about a factor of
four too large in cross section, indicating a serious quantitative
discrepancy when comparing to our results.

VII. SYSTEMATIC UNCERTAINTIES AND TESTS

A. Overall systematics of the run

For systematic uncertainties, there were global contribu-
tions from the yield extraction, acceptance corrections, flux
normalization, and the line shape fitting procedure. The main
cuts that influenced the yield extraction were the 'TOF
cuts, the CL cuts in the kinematic fit, and the selection of
intermediate the ground-state hyperon. All of these cuts were
varied within each bin of center-of-mass energy and angle,
and the total yields were checked for any differences due to
the cuts. Variation in the 'TOF width by 0.2 ns changed

035206-15

• Line shapes are different for each Σπ 
channel
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Amplitude CentroidmR Width !0 Phase"# I Flatté !
(MeV) (MeV) (radians) Factor

I = 0 (low mass) 1338± 10 44± 10 N/A 0 .94 ± 0.20
I = 0 (high mass) 1384± 10 76± 10 1.8 ± 0.4 N/A

I = 1 1367± 20 54± 10 2.2 ± 0.4 1.19 ± 0.20

Fits to Data
• Difference in Σπ channel ⇒isospin dependence

• Rapid fall-off at NK threshold shows strong coupling

Schumacher,  Moriya, Nucl. Phys. A (in press), 
http://arxiv.org/abs/1303.0860
See also Roca, Oset, PRC 87, 055201 (2013)

¯

Fit with interfering
• I=0 (main Λ(1405))
• I=0 (high mass)
• I=1 
Flatté-type Breit-
Wigner functions 
show centroids, 
widths

ratio of coupling 
strengths to Σπ/NK̄
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Differential cross sections
• Differential cross sections give information on 

production mechanism, more understanding of 
formation dynamics in photoproduction

• Measured for

- Λ(1405) (JP = 1/2-) in Σπ channels

- Σ(1385) (JP = 3/2+) in Λπ0 channel

- Λ(1520) (JP = 3/2-) in Σπ channels

• Interesting to compare the cross sections of three 
excited hyperons with different quantum numbers

11



c.m.
+Kcos

b)
+ (

c.
m

.
+

K
dc

osd

0.05

0.1

0.15

0.2 1.95<W<2.05

0.05

0.1

0.15

0.2 2.05<W<2.15

0.05

0.1

0.15

0.2 2.15<W<2.25

0.05

0.1

0.15 2.25<W<2.35

0.05

0.1

0.15 2.35<W<2.45

0.05

0.1

0.15 2.45<W<2.55

-1 -0.5 0 0.5 1

0.05

0.1

2.55<W<2.65

-1 -0.5 0 0.5 1

0.05

0.1

2.65<W<2.75

-1 -0.5 0 0.5 1

0.05

0.1

2.75<W<2.85

Λ(1405) Cross Sections
•Λ(1405) measured for 

each Σπ channel

•Defined as threshold up 
to 1.5 GeV/c2

•Very different isospin- 
dependence at lower 
energies

•All three merge into 
forward-peaking 
behavior at high energies

•Σ+π- •Σ0π0 •Σ-π+

Moriya et al. (CLAS),
to be submitted to PRC 12
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• Σ(1385)

▲ Λ(1405) (sum)

■ Λ(1520)

Comparison of Cross Sections
• All three hyperons 

show similar 
forward rise at 
higher energies

• Similar strengths 
at lower energies, 
but Λ(1520) 
dominates

Moriya et al. (CLAS),
to be submitted to PRC 13
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Total Cross Sections
• Total cross sections are extrapolated over all angles

• Cross sections are comparable to ground state K+Λ,   
K+Σ0 production1

• Binning is coarse (100 MeV in W), but detailed 
studies may find couplings to N* states

• K+Σ(1385)
▲ K+Λ(1405)

■ K+Λ(1520)

○K+Λ ○K+Σ0

Moriya et al. (CLAS),
to be submitted to PRC 1. Bradford et al. (CLAS), PRC 73, 035202 (2006)14

http://prc.aps.org/abstract/PRC/v73/i3/e035202
http://prc.aps.org/abstract/PRC/v73/i3/e035202


Summary of CLAS Results
• The line shape results of the Λ(1405) show the 

strong dynamics that form the state

• Comparison of differential cross sections show that 
Λ(1405), Σ(1385), and Λ(1520) are produced with 
similar strengths, and show similar behavior at higher 
energies

• New information on rather large cross sections 
compared to ground state production

• May give hints on coupling of these states to N* 
states

15



Future Plans @12 GeV
• JLab is currently upgrading CEBAF accelerator:  

6 GeV →12 GeV

• New experimental Hall D = GlueX1

• High intensity photoproduction experiment

• Multi-purpose detector with broad physics 
program2
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FIG. 3. A schematic of the GlueX detector and beam.

the approximate momentum resolution is 2%, averaged481

over the kinematical regions of interest.482

Construction on the CDC began in May of 2010 with483

initial procurement and quality assurance of components484

and the construction of a 400 ft2 class 2000 cleanroom485

at CMU. In August of that year, the end plates were486

mounted on the inner shell and then aligned. The empty487

frame was then moved into a vertical position for the in-488

stallation of the 3522 straw tubes. This work started489

in November of 2010 and continued until October of490

2011, when the outer shell was installed on the chamber.491

Stringing of the wires was completed in February of 2012,492

and all tension voltage and continuity checks were com-493

pleted in March of 2012. In May of 2012, the upstream494

gas plenum was installed on the chamber and wiring of495

the high-voltage system commenced. This latter work496

finished in early 2013 at which point the chamber was497

checked for gas tightness and the down-stream gas win-498

dow was installed.499

After successful studies with a full-scale prototype, the500

FDC construction started in the beginning of 2011, with501

the entire production process carried out by Je↵erson502

Lab in an o↵-site, 2000 ft2 class 10,000 clean room. As503

of early 2013, all four packages had been completed and504

a spare is being constructed using the extra parts. Tests505

of the packages are being carried out with cosmic rays in506

a system that uses external chambers for tracking, scin-507

tillators for triggering, and a DAQ system. With the508

anticipated delivery of the needed flash-ADC modules in509

2013, full package readout tests will be carried out. The510

chamber is scheduled to be installed in the fall of 2013.511

4. Calorimetry512

Like tracking, the GlueX calorimetry system consists513

of two detectors: a barrel calorimeter with a cylindrical514

geometry (BCAL) and a forward lead-glass calorimeter515

with a planar geometry (FCAL). The primary goal of516

these systems is to detect photons that can be used to517

reconstruct ⇡

0’s and ⌘’s, which are produced in the de-518

cays of heavier states. The BCAL is a relatively high-519

resolution sampling calorimeter, based on 1 mm double-520

clad Kuraray scintillating fibers embedded in a lead ma-521

trix. It is composed of 48 4-m long modules; each module522

having a radial thickness of 15.1 radiation lengths. Mod-523

ules are read out on each end by silicon SiPMs, which524

are not adversely a↵ected by the high magnetic field in525

the proximity of the GlueX solenoid flux return. The526

forward calorimeter is composed of 2800 lead glass mod-527

ules, stacked in a circular array. Each bar is coupled528

to a conventional phototube. The fractional energy res-529

olution of the combined calorimetry system �(E)/E is530

approximately 5%-6%/

p
E [GeV]. Monitoring systems531

for both detectors have been designed by the group from532

the University of Athens.533

All 48 BCAL calorimeter modules and a spare have534

been fabricated by the University of Regina and are at535

Je↵erson Lab where they have been fitted with light536

guides and sensors. The modules are currently being537

installed in the GlueX detector. These light guides were538

fabricated at the University of Santa Maŕıa (USM) which539

was also responsible for testing of most of the Hama-540

matsu S12045X MPPC arrays (SiPMs). The LED cali-541

1. http://www.jlab.org/Hall-D/
2. current PAC proposal at http://arxiv.org/abs/1305.1523
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Search for Exotic Mesons
• q q states ⇒ Can only have 

states with specific JPC

• QCD allows states with 
degrees of freedom beyond qq, 
and are predicted by ℓQCD1

• If gluonic degrees of freedom 
contribute to quantum 
numbers, hybrid states of 0--,  
0+-, 1-+, etc. may exist

• These would show previously 
unknown roles of gluons in 
QCD

¯

¯

S=0S=0 S=1S=1

L:even L:odd L:even L:odd

0-+ 1+- 1-- 0++

2-+ 3+- 2-- 1++

4-+ 5+- 3-- 2++

⋮ ⋮ ⋮ ⋮

allowed JPC for q q̄

1.  J. Dudek,  PRD 84, 074023 (2011)17

http://prd.aps.org/abstract/PRD/v84/i7/e074023
http://prd.aps.org/abstract/PRD/v84/i7/e074023


Search for Ξ(*) States 
• Ξ baryons have two s-quarks

• Spectrum of Ξ* not well-known

- 2 **** states, 4 *** states

- almost no information on JP

- relatively narrow widths

• CLAS1 did not have enough 
energy/statistics to confirm 
higher Ξ* states

• GlueX will have much higher 
energy range, higher forward 
acceptance - expect ~800k Ξ, 
~100k Ξ(1530)

1. Guo et al. (CLAS) PRC 76, 025208 (2007)
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FIG. 1. Possible photoproduction mechanisms of ! ground states
through intermediate hyperon resonances produced in a t-channel
process: (a) !! production; (b) !0 production.

one out of three quarks in common with the proton. However,
such a model is more appropriate for inclusive reactions at
high energies where partonic degrees of freedom are more
relevant, and it is not applicable for exclusive reactions at low
to intermediate energies compared with the threshold (Ethres

" =
2.37 GeV). Recently, Nakayama et al. [14] developed a
! production model for the exclusive reaction "N " KK!
from an effective Lagrangian that incorporates various t-,
u-, and s-channel processes, taking into account intermediate
hyperon and nucleon resonances. (Details of the model will be
discussed later in this paper.) The validity of the model should
be checked by comparing its predictions with experimental
data.

In this paper, the mass difference of the ! doublet and
the cross sections of the !! and !!(1530) are reported
and compared with the results of Ref. [14]. The possibility
of producing other excited cascade states in photon-proton
reactions is also discussed.

II. EXPERIMENT

A new large-statistics data set, with an integrated luminosity
of 70 pb!1, was collected at CLAS [15] from May to July
2004 by using a tagged photon beam [16] incident on a proton
target. This data set is mostly in the energy range of 1.6–
3.85 GeV with a primary electron beam energy (E0) of
4 GeV. About 5% of the data were collected with E0 = 5 GeV.
The target consists of a 40-cm-long cylindrical cell containing
liquid hydrogen. Momentum information for charged particles
was obtained via tracking through three regions of multiwire
drift chambers [17] inside a toroidal magnetic field (#0.5 T),
generated by six superconducting coils. Time-of-flight (TOF)
scintillators were used for charged hadron identification [18].
The interaction time between the incoming photon and the
target was measured by the start counter [19], consisting of
24 strips of 2.2-mm-thick plastic scintillators surrounding the
target cell. Coincidences between the photon tagger and two
charged particles in the CLAS detector triggered the events.

Cascade states can be identified via missing mass, through
the reaction "p " K+K+(X), or via the decay !$! " !0#!

through the reaction "p " K+K+#!(X). In the reaction
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FIG. 2. (Color online) MM(K+K+) distribution for E" >

2.6 GeV fitted with two Gaussian functions and an empirical back-
ground shape with adjustable normalization (M: mean of the Gaussian
peak position, $ : width of the Gaussian signal, N: number of events
in the peak) (Inset) MM(K+K+) distribution enlarged for the 1.36–
1.79 GeV/c2 region, the dashed lines show the empirical background
shape from K! events normalized to the region of 1.36–1.5 GeV/c2.

"p " K+K+(X), the double strangeness is tagged by the two
positive kaons detected by CLAS, and the cascade resonances
are observed in the K+K+ missing-mass spectrum (Fig. 2).
Without the more stringent particle identification criteria that
were applied in Fig. 2 (i.e, the kaon vertex time determined by
the TOF is within 1 ns of the photon time given by the RF),
more than 12,000 !!s were observed [20]. After the tighter
detector timing cut was applied, about 7700 !! events are
identified for the photon energy range of 2.6–4.75 GeV. There
is no !! signal for E" < 2.6 GeV, most likely because of low
acceptance.

The !!(1530) is clearly present in the spectrum, with
about 700 events (Fig. 2). Events with an additional K!

detected are used as an empirical background, since the
background is dominated by reactions such as "p " K+K!p
or "p " K+K!#+n, with the proton or #+ misidentified as
a K+. (Potential background processes such as "p " %&K+

were explored and found to be insignificant.) The background
is then smoothed and normalized to the region between the
!! and the !!(1530) resonances (1.36–1.5 GeV/c2) in the
MM(K+K+) distribution (Fig. 2, inset). The !! mass is
determined to be 1322.3 ± 0.1 ± 1.2 MeV/c2, slightly higher
than the PDG [2] value but within errors. The systematic
uncertainty is derived from studying the variation of the fitted
mass centroid as a function of E" . The !! width is 6.7 ±
0.1 MeV/c2, which is consistent with the missing-mass
resolution of CLAS as expected from simulation. It is
mostly dependent on the resolution of the photon energy
measurement, which is typically around 0.1% of the incident
photon energy [21].
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Conclusions
• JLab@6 GeV has produced many results for 

nuclear/hadron studies

• Line shape, cross section measurements of Λ(1405) 
and other excited hyperons are input towards a 
systematic understanding of QCD

• The 12 GeV upgrade at JLab is ongoing

• GlueX will have a broad physics program, including 
searches for exotic mesons, Ξ(*) baryons, and more
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Jefferson Lab1 (JLab)
• Located in Newport News, 

VA (USA)

• CEBAF accelerator 
provides electron beam 
every 2 ns

• Currently up to 6 GeV, 
future running @12 GeV

1. https://www.jlab.org

BACKUP

CLAS detector
(6 GeV era)
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Effective chiral Lagrangian + Unitary coupled channels

Details of Chiral Dynamics
( )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 !g . 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 e! .
!g .t s D q D G T , 8! ."j j l l l j2 # /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 ! . ! .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-
! .2 ! qtion are of order krq k,q,K and photon mo-
.menta respectively when compared to the dominant

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

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

ered here.
! .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 MsyM2p! .I Ij

=
—

2!g .< <t"" j

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

9! .

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

! .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 ! .state interaction in the g p™K L 1405 process.

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

10! .
1 1 1y q< : < : < : < :p S sy 2,0 q 1,0 y 0,0 ,' ' '6 2 3

11! .
1

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

ligible, the cross sections for the three channels go

as:

2
2 21 1!1. !0. !0. !1.) q y< < < <T q T q Re T T ; p S ,! .2 3 '6

13! .
2

2 21 1!1. !0. !0. !1.) y q< < < <T q T y Re T T ; p S ,! .2 3 '6
14! .
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FIG. 8. (Color online) M(!+"!) versus M(K+"!) for four bins of increasing energy from (a) to (d). Clear horizontal bands corresponding
to the #(1405), #(1520), and higher Y " resonances are seen, as well as a vertical band corresponding to the K"0. The contours as well as the
dashed lines show the kinematic boundaries allowed in that energy bin. The blue dashed lines show the masses of each resonance [#(1405),
#(1520), K"] as given by the PDG, while the vertical dashed lines show where the K+"! invariant mass is M0 ± $, and M0 and $ are the
mass and width of the K"0 as given by the PDG.

missing mass squared (MM2) with a Gaussian peak for the
"0 and a second-order polynomial for the signal region, and
required that MM2 be more than 3% above the "0 peak. Two
examples of the selection of MM2 are shown in Fig. 12, where
the selection ranges are shown by the dashed vertical lines.

To select the !0 events from this channel, the invariant mass
squared of the p and "! was plotted for each bin, and a fit with
a Gaussian and a second-order polynomial background was
performed. The ±3% region around the # peak was retained.
The missing mass off the K+ then gave the !0"0 line shape.
For the strong final state K+!0"0, there are possible hyperon
as well as K"+ resonances, and in Sec. V the extraction of
hyperon events is discussed.

Table I shows the number of events for each channel after
the selections shown in this section. Further selections to
isolate the states of interest are shown later.

IV. ACCEPTANCE AND NORMALIZATION

To understand and correct for the CLAS detector accep-
tance, a large number of Monte Carlo (MC) events were
processed using the GEANT-based standard CLAS simulation
package GSIM. After generating the events of interest, the

events were passed through the detector simulation, and
the momenta were smeared to match the data. An earlier
detailed analysis of the g11a data showed [40] that the trigger
condition for this run was not ideally simulated, so an ad hoc
trigger efficiency correction of #5% was applied depending
on the event kinematics. After all corrections were made,
the simulated events were passed through the same analysis
procedures as the data.

One final correction was applied for the events of interest
that had a # in the strong final state. As mentioned in Sec. II, the
hardware trigger for this run required that two particles register
hits in separate sectors of the Start Counter. In the case of an
event involving a # (c& = 7.89 cm [25]), there was a small
probability of the # decaying outside of the Start Counter,
and this detail of the trigger was not simulated in software.
To remedy this, events in the simulation were removed based
on whether the secondary vertex was geometrically outside of
the Start Counter. The effect of this correction was stronger at
higher energies and for events with the kaon going backward in
the center-of-mass frame, so that for most bins the correction
was less than #3%, while for some bins it was as high as 10%.
For the other ground-state hyperons !+ and !! (c& = 2.404
and 4.434 cm, respectively), the effect of the !± decaying
beyond the Start Counter was found to be negligible.
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FIG. 8. (Color online) M(!+"!) versus M(K+"!) for four bins of increasing energy from (a) to (d). Clear horizontal bands corresponding
to the #(1405), #(1520), and higher Y " resonances are seen, as well as a vertical band corresponding to the K"0. The contours as well as the
dashed lines show the kinematic boundaries allowed in that energy bin. The blue dashed lines show the masses of each resonance [#(1405),
#(1520), K"] as given by the PDG, while the vertical dashed lines show where the K+"! invariant mass is M0 ± $, and M0 and $ are the
mass and width of the K"0 as given by the PDG.

missing mass squared (MM2) with a Gaussian peak for the
"0 and a second-order polynomial for the signal region, and
required that MM2 be more than 3% above the "0 peak. Two
examples of the selection of MM2 are shown in Fig. 12, where
the selection ranges are shown by the dashed vertical lines.

To select the !0 events from this channel, the invariant mass
squared of the p and "! was plotted for each bin, and a fit with
a Gaussian and a second-order polynomial background was
performed. The ±3% region around the # peak was retained.
The missing mass off the K+ then gave the !0"0 line shape.
For the strong final state K+!0"0, there are possible hyperon
as well as K"+ resonances, and in Sec. V the extraction of
hyperon events is discussed.

Table I shows the number of events for each channel after
the selections shown in this section. Further selections to
isolate the states of interest are shown later.

IV. ACCEPTANCE AND NORMALIZATION

To understand and correct for the CLAS detector accep-
tance, a large number of Monte Carlo (MC) events were
processed using the GEANT-based standard CLAS simulation
package GSIM. After generating the events of interest, the

events were passed through the detector simulation, and
the momenta were smeared to match the data. An earlier
detailed analysis of the g11a data showed [40] that the trigger
condition for this run was not ideally simulated, so an ad hoc
trigger efficiency correction of #5% was applied depending
on the event kinematics. After all corrections were made,
the simulated events were passed through the same analysis
procedures as the data.

One final correction was applied for the events of interest
that had a # in the strong final state. As mentioned in Sec. II, the
hardware trigger for this run required that two particles register
hits in separate sectors of the Start Counter. In the case of an
event involving a # (c& = 7.89 cm [25]), there was a small
probability of the # decaying outside of the Start Counter,
and this detail of the trigger was not simulated in software.
To remedy this, events in the simulation were removed based
on whether the secondary vertex was geometrically outside of
the Start Counter. The effect of this correction was stronger at
higher energies and for events with the kaon going backward in
the center-of-mass frame, so that for most bins the correction
was less than #3%, while for some bins it was as high as 10%.
For the other ground-state hyperons !+ and !! (c& = 2.404
and 4.434 cm, respectively), the effect of the !± decaying
beyond the Start Counter was found to be negligible.
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FIG. 19. (Color online) Final results for the line shape in the !+
p "! channel when the K" is removed successively in steps of ± 1

2 #, where
# is the width of the K" quoted in the PDG. The black circles represent our final results without a cut on the K", while the red squares, blue
triangles, and green downward triangles represent cuts of ±#/2, ±#, ± 3

2 # centered around the K", respectively.

are two main modifications to the picture of a simple single
resonance for the $(1405) mass region that we consider to
gain a reasonable representation of the experimental results.
The first arises from the channel coupling between the detected
!" final state and the undetected NK̄ final state. This is done
by using a Flatté-like formalism [45] to enforce two-channel
unitarity and analyticity of the production amplitude. The
second arises because we find that the different charge states
have markedly different mass distributions, implying that
amplitudes other than I = 0 must participate in the reaction
mechanism. This is treated by including coherent I = 1
amplitudes that interfere with the I = 0 amplitude.

Because the electromagnetic interaction does not conserve
isospin, the initial %p state in this reaction can have both
I = 1/2 or 3/2 character and will lead to a final K+(!" ) state
wherein the !" system is in a superposition of I!" = 0, 1,
and 2 states. The three measured !" final states all have their
third component of isospin, I 3

!" , equal to zero. If we denote
the isospin state of the system as |I"!, I 3

"!#, we can write
each of the three measured final charge combinations using
Clebsch-Gordon coefficients as

|"+!!# = 1$
3
|0, 0# + 1$

2
|1, 0# + 1$

6
|2, 0#, (7)

|"0!0# = ! 1$
3
|0, 0# + 0|1, 0# +

!
2
3
|2, 0#, (8)

|"!!+# = 1$
3
|0, 0# ! 1$

2
|1, 0# + 1$

6
|2, 0#. (9)

Let tI be the complex matrix element that takes the initial
%p state via a transition operator T̂ (I ) to the final state that
contains the kaon and the !" system in the I!" = I state, so
that

|tI |2 % |&I, 0|T̂ (I )|%p#|2. (10)

The magnitude-squared matrix element for creating a particu-
lar charged final-state pair, T"a!b (a, b ' {+!, 00,!+}), can
then be obtained by combining these expressions. For example,
the probability of populating the |"!!+# state is proportional
to

|T"!!+|2 % |&"!!+|T̂ (0) + T̂ (1) + T̂ (2)|%p#|2 (11)

= 1
3
|t0|2 + 1

2
|t1|2 + 1

6
|t2|2 ! 2$

6
|t0||t1| cos &01

! 1$
3
|t1||t2| cos &12 +

$
2

3
|t0||t2| cos &02, (12)

in which the real relative phases between the three isospin
amplitudes are &01(m), &12(m), and &02(m). The other two
charge combinations have similar forms. Thus, there are five
real parameters, assuming one phase is set to zero. We expect
the matrix element to have the kinematic dependence T"!!+ =
T"!!+ (W,m), where W is the available overall center-of-mass
invariant energy and m is the !" invariant mass. At a given
value of W and m we have three measured cross sections that
are proportional to the three quantities T"a!b , so we cannot
determine all five numbers uniquely.

Before going on, we chose at this point to apply the
assumption that the I = 2 amplitude is negligible and that
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Below threshold for decay mode 2, the total decay width is

#tot(m) = #I,1(q1(m)) + i$#I,1(q2
!(m)), (25)

while above the threshold the total decay width is

#tot(m) = #1(q1(m)) + $#1(q2(m)), (26)

and these two expressions are used, respectively, in Eq (20).
Apart from the overall strength CI and phase %&I , there are

two free parameters in these expressions for a single resonance:
the intrinsic width #0

I,1 and the relative branching fraction
between decay modes $ . The fits were made over the whole
range of energy W (in nine bins from 2.0 to 2.8 GeV), and
these two parameters were fixed to the same value for all W .

The experimental results for kaon-angle integrated mass
distributions are in the form of differential cross sections
d'ab/dm with ab " {+#, 00,#+}; the expression for this
cross section includes relevant flux and phase space factors.
Figure 1 illustrates how this reaction requires the use of
three-body phase space. To arrive at it we factorize this phase
space into two two-body pieces using standard methods [46],
the first for the K+Y $ hyperon intermediate state of mass m,
and the second for the decay of this state into !" .

The fully differential form of the cross section is

d'ab

d(K+d(!dm
= (h̄c)2

(4" )5

pK+q

p$ps
|T"a!b |2, (27)

where the momentum of the kaon in the overall center-of-
mass system is pK+ , the momentum in the !" final state is
the aforementioned q, and

%
s = W . The invariant production

amplitude T"! is defined by Eqs. (13)–(15).
In the experiment we measure the decay distribution of

Y $ & !" over the full solid angle (! , so the data are
automatically integrated over this variable. Formally, we take
T"! to be independent of this decay angle. The reaction
is not “flat” with respect to kaon angle, as we know from
measurement of the differential cross section d'/d(K+ .
However, for studying the line shapes we are forced to integrate
over kaon angle to gain enough statistics for the analysis.
We therefore take T"! to be the kaon-angle averaged matrix
element and integrate over (K+ . Figure 1 shows that there is
a vertex involving the photon, and the strength at this vertex
must be proportional to

%
), where ) is the fine structure

constant. Factoring this out of the matrix element means
the previously defined fit parameters CI become an effective
strong coupling with units of

%
GeV. The final expression for

the differential-in-mass cross sections is then

d'ab

dm
= (h̄c)2)

64"3

pK+q

p$pW 2
|T"a!b |2. (28)

There is an interplay among the phase space factors in front
of the matrix element. For a given invariant energy W , p$p is
determined. However, the possible ranges of pK+ and m are
also limited, so the larger pK+ becomes, the smaller m and,
therefore, the smaller q must be.

In addition to the coherent sum of the isospin components of
the line shapes, it was necessary to include a linear background
function under each of the !" mass distributions. This sloping
background was introduced to represent less-than-perfect
subtraction of the backgrounds owing, for example, to K$

production or tails of higher mass hyperons. The need for such
a background parametrization is seen in the data, which show
that in several mass distributions the trend at the high-mass end
of the scales is not toward zero, but rather to a constant or even
a rising slope. The problem was mainly with the !0"0 final
state, the one for which it was not possible to make a direct
experimental measurement of the K$ background, and we had
to rely on the MC model alone. The slopes of the backgrounds
were not fit parameters, but were matched to the differential
mass distributions at 1.6 GeV.

IX. ISOSPIN DECOMPOSITION

We can now take the mass distributions found in this
analysis and separate the information from the three charge
combinations in the !" final states according to I = 0
and I = 1 components. This is crucial toward the goal of
understanding the contribution from the true *(1405), which
is by definition I = 0, and anything else happening in the
reaction mechanism.

We found that fitting two I = 0 amplitudes to just the !0"0

data led to a very good fit after including the Flatté channel
coupling [47]. A “two-pole” explanation of the *(1405) would
favor such a result. The centroids and widths of the I = 0 states
remained stable when an I = 1 amplitude was added to include
the !+"# and !#"+ final-state combinations. However, it
was found that a much better fit could be obtained with a single
I = 0 amplitude and two separate coherent I = 1 amplitudes.
This is the result we show here. More complete details of the
fits will be given in the separate paper [47], but here we present
the “best fit” results.

The fits were made to a reduced data set to exactly match the
kaon angular coverage of the three decay modes, and to remove
data points in the vicinity of the *(1520) where there was
evidence (Fig. 17) of less-than-perfect MC matching. There
were a total of 34 free parameters and 1128 data points. The
reduced +2 of the fit was 2.15, the best we achieved with any
amplitude combination. Most of the parameters were taken up
with the overall strength of each amplitude, CI , in each W
bin. The centroid, width, and Flatté parameters of the fitted
amplitudes as per Eq. (19) are given in Table III.

The I = 0 piece of the reaction was found in the fit to be
at the !" threshold. The fit was flexible enough to let this
centroid move smoothly below threshold if necessary, but the
fit was optimal with the centroid of the *(1405), nominally
at 1405 MeV/c2, pushed down to 1338 MeV/c2. The rising
and falling of the line shape is controlled by the opening of
phase space from threshold on the low-mass side, and by
the inflection caused by the opening of the NK̄ threshold
on the high-mass side. The intrinsic width of the I = 0
resonance was fitted to 85 MeV/c2. However, we expect this
width to be poorly determined due to the dominance of the
thresholds above and below the centroid. The Flatté coupling
parameter is close to unity. A value of 0.91 means there is
a strong switchover to the NK̄ decay mode as the available
energy exceeds this threshold. This switchover is consistent
with theoretical expectations [9].
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all of the interference in this reaction is between I = 0 and
I = 1 amplitudes only. This assumption is consistent with all
previous work on this subject, for example, Refs. [7,9], in
which the dynamics of the !(1405) is presumed to be all
within I = 0 and/or both I = 0 and 1. With this assumption,
we can write the expressions for the production strength of the
three "# channels as

|T#!"+|2 = 1
3
|t0|2 + 1

2
|t1|2 ! 2"

6
|t0||t1| cos $01, (13)

|T#0"0 |2 = 1
3
|t0|2, (14)

|T#+"! |2 = 1
3
|t0|2 + 1

2
|t1|2 + 2"

6
|t0||t1| cos $01. (15)

These relationships can be combined to show several things.
First, the sum of the measured line shapes gives the sum of the
I = 0 and I = 1 amplitudes’ squared magnitudes:

|T#!"+|2 + |T#0"0 |2 + |T#+"! |2 = |t0|2 + |t1|2; (16)

that is, the interference terms cancel and we see the incoherent
sum of the isospin channels. The I = 0 amplitude is propor-
tional to the "0#0 channel alone, as per Eq. (14). The I = 1
amplitude’s magnitude squared is given by

|t1|2 = |T#!"+|2 + |T#+"! |2 ! 2|T#0"0 |2, (17)

which implies that the average of the charged final states should
be greater than or equal to the neutral final state, depending on
the size of |t1|. The interference between the isospin states is
accessed using

|T#+"! |2 ! |T#!"+|2 = 4"
6
|t0||t1| cos $01. (18)

This equation shows how any difference between the charged
decay modes is directly related to the interference of the two
isospin channels. Note that $01 is the mass-dependent phase
between t0(m) and t1(m). Apart from that mass dependence,
we allow an arbitrary strong production phase for each of the
amplitudes, called %$I below.

For the production reaction & + p # K+ + ("# ) we write
the contribution from an amplitude of isospin I at fixed &p
center-of-mass energy W and "# mass m as

tI (m) = CI (W )ei%$I BI (m), (19)

where CI (W ) is a real number representing the effective
strength of the excitation and %$I is a corresponding pro-
duction phase. The Breit-Wigner amplitude has the form

BI (m) =
!

2
#

" #
mRm'0

I (q/qR)2L

m2
R ! m2 ! imR'tot(q)

$

, (20)

where mR is the centroid of the resonance distribution, in
this case the "# invariant mass, '0

I is the fixed decay width
to a given final state, and 'tot(q) is the total width to all
final states. The available momentum in the decaying hyperon
center-of-mass system is called q, and in this frame qR is the
available decay momentum at m = mR . In this way of writing
the amplitude, the numerator has no phase space factor, but
this is included below when we write the final expression for
the line shape.

We assume that the line shape for each isospin contribution
to the intermediate hyperon state is described by a relativistic
Breit-Wigner distribution with suitable phase space factors
and normalization. The total width of the resonance, 'tot(q),
is the sum of partial decay widths, but for a single decay
channel designated by a “1”, let it be the partial decay width
'I,1(q1(m)). The width of the resonance going into a single
decay mode 1 is, in the relativistic formulation, dependent on
the mass and is written as

'tot(q) # 'I,1(q1) = '0
I,1

mR

m

%
q1(m)
qR

&2L+1

, (21)

where '0
I,1 denotes a fixed decay width that will be determined

by the fit, and q1(m) is the available momentum in this decay
mode at mass m. This expression accounts for the increasing
phase space available for the two-body decay across the
resonance, and it forces the width to zero at threshold. (Later
we will analytically continue q below threshold, however.)
We consider only L = 0 or S-wave decays, as required for the
odd-parity !(1405) decaying to a pseudoscalar meson and an
octet baryon.

The overall coupling strength of the resonance represented
by Eq. (20) for the reaction & + p # K+ + !(1405) is given
by the parameters in Eq. (19). We take these to be fixed
(at a given value of W ) over the whole range of the mass
distribution m.

For several of the fits to the data (discussed below) we used
either two I = 0 or two I = 1 Breit-Wigner amplitudes. In
all cases these amplitudes were added coherently. We selected
%$0 for the “first” or “dominant” I = 0 amplitude to be zero,
so the other strong phases were determined relative to it.

For hadronic reactions we must also consider the dynamical
consequences of the opening of thresholds to decay channels
other than the single channel denoted 1. In the present
situation there is the NK̄ channel that opens at mthresh =
mK + mN $ 1434 MeV/c2, which is within the range of
the mass distribution of the "# system under study. This
can significantly impact the line shape of the resonance. To
preserve unitarity and the analytic form of the decay amplitude
as a mass threshold is crossed, we modify the amplitude of
Eq. (20) in a specific way. If we denote the second decay mode
as channel “2”, then the total width of the resonance is

'tot(m) = 'I,1(q1(m)) + 'I,2(q2(m)), (22)

where the second decay channel is described by the width

'I,2(q) = '0
I,2

mR

m

%
q2(m)
qR

&2L+1

. (23)

Here, q2(m) is the decay momentum available for decay mode
2 at mass m, and '0

I,2 is the constant factor for the width of this
partial decay mode. Below threshold mthresh, the momentum
q2(m) is nominally zero. However, in the Flatté method [45]
we analytically continue the momentum to imaginary values,
denoting it as q2

% = !iq2 for m < mthresh. Furthermore, we
introduce a Flatté parameter for the branching fraction of the
decay modes as

& = '0
I,2

'
'0

I,1. (24)
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all of the interference in this reaction is between I = 0 and
I = 1 amplitudes only. This assumption is consistent with all
previous work on this subject, for example, Refs. [7,9], in
which the dynamics of the !(1405) is presumed to be all
within I = 0 and/or both I = 0 and 1. With this assumption,
we can write the expressions for the production strength of the
three "# channels as

|T#!"+|2 = 1
3
|t0|2 + 1

2
|t1|2 ! 2"

6
|t0||t1| cos $01, (13)

|T#0"0 |2 = 1
3
|t0|2, (14)

|T#+"! |2 = 1
3
|t0|2 + 1

2
|t1|2 + 2"

6
|t0||t1| cos $01. (15)

These relationships can be combined to show several things.
First, the sum of the measured line shapes gives the sum of the
I = 0 and I = 1 amplitudes’ squared magnitudes:

|T#!"+|2 + |T#0"0 |2 + |T#+"! |2 = |t0|2 + |t1|2; (16)

that is, the interference terms cancel and we see the incoherent
sum of the isospin channels. The I = 0 amplitude is propor-
tional to the "0#0 channel alone, as per Eq. (14). The I = 1
amplitude’s magnitude squared is given by

|t1|2 = |T#!"+|2 + |T#+"! |2 ! 2|T#0"0 |2, (17)

which implies that the average of the charged final states should
be greater than or equal to the neutral final state, depending on
the size of |t1|. The interference between the isospin states is
accessed using

|T#+"! |2 ! |T#!"+|2 = 4"
6
|t0||t1| cos $01. (18)

This equation shows how any difference between the charged
decay modes is directly related to the interference of the two
isospin channels. Note that $01 is the mass-dependent phase
between t0(m) and t1(m). Apart from that mass dependence,
we allow an arbitrary strong production phase for each of the
amplitudes, called %$I below.

For the production reaction & + p # K+ + ("# ) we write
the contribution from an amplitude of isospin I at fixed &p
center-of-mass energy W and "# mass m as

tI (m) = CI (W )ei%$I BI (m), (19)

where CI (W ) is a real number representing the effective
strength of the excitation and %$I is a corresponding pro-
duction phase. The Breit-Wigner amplitude has the form

BI (m) =
!

2
#

" #
mRm'0

I (q/qR)2L

m2
R ! m2 ! imR'tot(q)

$

, (20)

where mR is the centroid of the resonance distribution, in
this case the "# invariant mass, '0

I is the fixed decay width
to a given final state, and 'tot(q) is the total width to all
final states. The available momentum in the decaying hyperon
center-of-mass system is called q, and in this frame qR is the
available decay momentum at m = mR . In this way of writing
the amplitude, the numerator has no phase space factor, but
this is included below when we write the final expression for
the line shape.

We assume that the line shape for each isospin contribution
to the intermediate hyperon state is described by a relativistic
Breit-Wigner distribution with suitable phase space factors
and normalization. The total width of the resonance, 'tot(q),
is the sum of partial decay widths, but for a single decay
channel designated by a “1”, let it be the partial decay width
'I,1(q1(m)). The width of the resonance going into a single
decay mode 1 is, in the relativistic formulation, dependent on
the mass and is written as

'tot(q) # 'I,1(q1) = '0
I,1

mR

m

%
q1(m)
qR

&2L+1

, (21)

where '0
I,1 denotes a fixed decay width that will be determined

by the fit, and q1(m) is the available momentum in this decay
mode at mass m. This expression accounts for the increasing
phase space available for the two-body decay across the
resonance, and it forces the width to zero at threshold. (Later
we will analytically continue q below threshold, however.)
We consider only L = 0 or S-wave decays, as required for the
odd-parity !(1405) decaying to a pseudoscalar meson and an
octet baryon.

The overall coupling strength of the resonance represented
by Eq. (20) for the reaction & + p # K+ + !(1405) is given
by the parameters in Eq. (19). We take these to be fixed
(at a given value of W ) over the whole range of the mass
distribution m.

For several of the fits to the data (discussed below) we used
either two I = 0 or two I = 1 Breit-Wigner amplitudes. In
all cases these amplitudes were added coherently. We selected
%$0 for the “first” or “dominant” I = 0 amplitude to be zero,
so the other strong phases were determined relative to it.

For hadronic reactions we must also consider the dynamical
consequences of the opening of thresholds to decay channels
other than the single channel denoted 1. In the present
situation there is the NK̄ channel that opens at mthresh =
mK + mN $ 1434 MeV/c2, which is within the range of
the mass distribution of the "# system under study. This
can significantly impact the line shape of the resonance. To
preserve unitarity and the analytic form of the decay amplitude
as a mass threshold is crossed, we modify the amplitude of
Eq. (20) in a specific way. If we denote the second decay mode
as channel “2”, then the total width of the resonance is

'tot(m) = 'I,1(q1(m)) + 'I,2(q2(m)), (22)

where the second decay channel is described by the width

'I,2(q) = '0
I,2

mR

m

%
q2(m)
qR

&2L+1

. (23)

Here, q2(m) is the decay momentum available for decay mode
2 at mass m, and '0

I,2 is the constant factor for the width of this
partial decay mode. Below threshold mthresh, the momentum
q2(m) is nominally zero. However, in the Flatté method [45]
we analytically continue the momentum to imaginary values,
denoting it as q2

% = !iq2 for m < mthresh. Furthermore, we
introduce a Flatté parameter for the branching fraction of the
decay modes as

& = '0
I,2

'
'0

I,1. (24)
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all of the interference in this reaction is between I = 0 and
I = 1 amplitudes only. This assumption is consistent with all
previous work on this subject, for example, Refs. [7,9], in
which the dynamics of the !(1405) is presumed to be all
within I = 0 and/or both I = 0 and 1. With this assumption,
we can write the expressions for the production strength of the
three "# channels as

|T#!"+|2 = 1
3
|t0|2 + 1

2
|t1|2 ! 2"

6
|t0||t1| cos $01, (13)

|T#0"0 |2 = 1
3
|t0|2, (14)

|T#+"! |2 = 1
3
|t0|2 + 1

2
|t1|2 + 2"

6
|t0||t1| cos $01. (15)

These relationships can be combined to show several things.
First, the sum of the measured line shapes gives the sum of the
I = 0 and I = 1 amplitudes’ squared magnitudes:

|T#!"+|2 + |T#0"0 |2 + |T#+"! |2 = |t0|2 + |t1|2; (16)

that is, the interference terms cancel and we see the incoherent
sum of the isospin channels. The I = 0 amplitude is propor-
tional to the "0#0 channel alone, as per Eq. (14). The I = 1
amplitude’s magnitude squared is given by

|t1|2 = |T#!"+|2 + |T#+"! |2 ! 2|T#0"0 |2, (17)

which implies that the average of the charged final states should
be greater than or equal to the neutral final state, depending on
the size of |t1|. The interference between the isospin states is
accessed using

|T#+"! |2 ! |T#!"+|2 = 4"
6
|t0||t1| cos $01. (18)

This equation shows how any difference between the charged
decay modes is directly related to the interference of the two
isospin channels. Note that $01 is the mass-dependent phase
between t0(m) and t1(m). Apart from that mass dependence,
we allow an arbitrary strong production phase for each of the
amplitudes, called %$I below.

For the production reaction & + p # K+ + ("# ) we write
the contribution from an amplitude of isospin I at fixed &p
center-of-mass energy W and "# mass m as

tI (m) = CI (W )ei%$I BI (m), (19)

where CI (W ) is a real number representing the effective
strength of the excitation and %$I is a corresponding pro-
duction phase. The Breit-Wigner amplitude has the form

BI (m) =
!

2
#

" #
mRm'0

I (q/qR)2L

m2
R ! m2 ! imR'tot(q)

$

, (20)

where mR is the centroid of the resonance distribution, in
this case the "# invariant mass, '0

I is the fixed decay width
to a given final state, and 'tot(q) is the total width to all
final states. The available momentum in the decaying hyperon
center-of-mass system is called q, and in this frame qR is the
available decay momentum at m = mR . In this way of writing
the amplitude, the numerator has no phase space factor, but
this is included below when we write the final expression for
the line shape.

We assume that the line shape for each isospin contribution
to the intermediate hyperon state is described by a relativistic
Breit-Wigner distribution with suitable phase space factors
and normalization. The total width of the resonance, 'tot(q),
is the sum of partial decay widths, but for a single decay
channel designated by a “1”, let it be the partial decay width
'I,1(q1(m)). The width of the resonance going into a single
decay mode 1 is, in the relativistic formulation, dependent on
the mass and is written as

'tot(q) # 'I,1(q1) = '0
I,1

mR

m

%
q1(m)
qR

&2L+1

, (21)

where '0
I,1 denotes a fixed decay width that will be determined

by the fit, and q1(m) is the available momentum in this decay
mode at mass m. This expression accounts for the increasing
phase space available for the two-body decay across the
resonance, and it forces the width to zero at threshold. (Later
we will analytically continue q below threshold, however.)
We consider only L = 0 or S-wave decays, as required for the
odd-parity !(1405) decaying to a pseudoscalar meson and an
octet baryon.

The overall coupling strength of the resonance represented
by Eq. (20) for the reaction & + p # K+ + !(1405) is given
by the parameters in Eq. (19). We take these to be fixed
(at a given value of W ) over the whole range of the mass
distribution m.

For several of the fits to the data (discussed below) we used
either two I = 0 or two I = 1 Breit-Wigner amplitudes. In
all cases these amplitudes were added coherently. We selected
%$0 for the “first” or “dominant” I = 0 amplitude to be zero,
so the other strong phases were determined relative to it.

For hadronic reactions we must also consider the dynamical
consequences of the opening of thresholds to decay channels
other than the single channel denoted 1. In the present
situation there is the NK̄ channel that opens at mthresh =
mK + mN $ 1434 MeV/c2, which is within the range of
the mass distribution of the "# system under study. This
can significantly impact the line shape of the resonance. To
preserve unitarity and the analytic form of the decay amplitude
as a mass threshold is crossed, we modify the amplitude of
Eq. (20) in a specific way. If we denote the second decay mode
as channel “2”, then the total width of the resonance is

'tot(m) = 'I,1(q1(m)) + 'I,2(q2(m)), (22)

where the second decay channel is described by the width

'I,2(q) = '0
I,2

mR

m

%
q2(m)
qR

&2L+1

. (23)

Here, q2(m) is the decay momentum available for decay mode
2 at mass m, and '0

I,2 is the constant factor for the width of this
partial decay mode. Below threshold mthresh, the momentum
q2(m) is nominally zero. However, in the Flatté method [45]
we analytically continue the momentum to imaginary values,
denoting it as q2

% = !iq2 for m < mthresh. Furthermore, we
introduce a Flatté parameter for the branching fraction of the
decay modes as

& = '0
I,2

'
'0

I,1. (24)
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1. Flatté, PLB 63, 224 (1976)

analyticity:

for details, see Moriya et al. (CLAS), PRC 87, 035206 (2013)
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