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 Spin precession in a bent crystal 
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Θμ ≡ ∠ (ξi ξf ) = (1 + γa) Θ a = g − 2
2 , Θ = L

R

γ, g, a − Lorentz factor, g-factor, anomalous MDM of Λc

Θ, L, R − deflecting angle, length, curvature radius of the crystal

!  V.G. Baryshevsky, Sov. Tech. Phys. Lett. 5 (1979) 73.          !  V.L. Lyuboshits, Sov. J. Nucl. Phys. 31 (1980) 509 [inSPIRE]. 
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 Optimal crystal orientation for EDM measurement:    initial polarisation.
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!  A. Fomin et al. Eur. Phys. J. C (2020) 80:358  [1909.04654]   

Due to the space-inversion symmetry of the strong interaction 
Λc+ polarisation is perpendicular to the reaction plane

p + p → Λ+
c + XProduction of Λc+ in a fixed target

ϑx

ϑy

z

Λ+
c

p

ϑ

"ξΛc (ϑx, ϑy)

crystal acceptance

ϑx

ϑy

x

z

p

Λ+
c

+

≈

initial

final

ϑx

ϑy

+

≈

+++

+ ++ + +

(ϑcrys ∼ 0 )

Optimal for MDM measurement

(ϑcrys ∼ 0.4–0.9mrad )

Optimal for EDM measurement

ϑcrys
x

z

p

Λ +
c

initial

final

Fomine et al, JHEP 08 (’17) 120

Aiola Phys.Rev.D 103 (2021) 7

The difference between the initial and 

final polarisations of c baryon gives 


information of the g-factor

A new experiment is proposed to measure the MDM of charmed baryon.  
Short life time is compensated by the strong magnetic field created by bent crystal.

Sensitivity to the Λc MDM is estimated to be Δg≈0.35(0.14) for 
LHCB (IR3) after 10 years of experiment, 


assuming the initial Λc polarisation to be 0.26 (0.22). 

A.S. Fomin et al. Eur. Phys. J. C (‘20) 80:358



• The angular distribution of the Λc decay carries information of polarisation however, it can not 
trivial to separate it form the so-called asymmetry parameter α.

5

Issue of measuring the Λc polarisation

polarisation
hadronic parameter



Λc→(K*p, Δ++K,𝝠π…)→pKπ decay 

• It was first studied by the Fermilab E791 experiment. 

• E791: amplitude analysis including 3 resonances, using the helicity amplitude method.

• This study was extended by including many more resonances by LHCb (see next)

• We propose an optimal observable for sensitivity study (but only 3 resonance, see next)

• A possible model independent study using the BESIII data???
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of Ref. [10]. The primed angles refer to the direction of one of the resonance’s
daughters in the resonance’s rest frame. Note that the decay amplitudes for
each resonance may have contributions to each of the four terms in Equation
1.
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Fig. 1. Definition of angles using Λ+
c → pK

∗0
→ pK−π+ as an example. In both

figures the Λ+
c is at rest. In the first figure, which defines (θp,φp), the x-axis is along

the direction of motion of the Λ+
c in the lab frame and the z-axis is the polarization

axis, normal to the plane of production. In the second figure we define φKπ as the

angle between the plane containing theK
∗0

decay products and the plane containing
the proton and the x-axis.

Each event in the final data sample is described by five kinematic variables
of interest (two two-body masses and the decay angles θp, φp, and φKπ as
defined in Figure 1) which are determined after the pKπ reconstructed mass
is constrained to the Λc mass. We chose the quantization axis (the z-axis in
the Λc rest frame) to be normal to the Λc production plane (as defined by
p̂beam × p̂Λc

, where p̂beam is the beam direction and p̂Λc
is the Λc production

direction in the lab frame). The x-axis in the Λc rest frame is chosen to be the
direction of the Λc in the lab frame.

3 Experiment E791 and Data Selection

We analyze data from Fermilab fixed-target experiment E791, which ran dur-
ing 1991 and 1992. The data were recorded from 500 GeV/c π− beam inter-
actions in five thin target foils (one platinum, four diamond) whose centers
were separated by about 1.53 cm. The detector, described elsewhere in more
detail[11,12], was a large-acceptance, forward, two-magnet spectrometer. The
key components for this study were eight planes of multiwire proportional
chambers, and six planes of silicon microstrip detectors (SMD) before the tar-
get for beam tracking, a 17-plane SMD system and 35 drift chamber planes
downstream of the target for track and vertex reconstruction, and two multi-
cell threshold Čerenkov counters for charged particle identification.

5

Polarisation measurement in Λc→pKπ decay 



Model dependent amplitude 
analysis of Λc→pKπ decay 



LHCb amplitude analysis
LHCb, arXiv:2208.03262
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Figure 2: Dalitz plot for the total sample of ⇤+
c ! pK�⇡+ candidates.

Eq. (8) using its amplitude model. Like two-body decay asymmetry parameters, S2 is
a measure of parity violation, which ranges between zero (parity-conservation) and 1/3
(maximum parity-violation). For an easier comparison to two-body decays, the sensitivity
to polarization is expressed as

p
3S, which ranges between zero and unity.

For ⇤+
c quasi two-body decays to a pair of baryon and pseudoscalar, the

p
3S quantity

is equal to the absolute value of the ↵ decay parameter computed via Eq. (7). For the
K⇤(892) contribution, characterized by a di↵erent spin structure, the

p
3S quantity is

considered.
The Dalitz plot of the total reconstructed ⇤+

c ! pK�⇡+ sample is presented in Fig. 2.
The plot contains candidates from the signal region prior to e�ciency correction. It
displays a rich structure with resonant contributions from all three possible pairs of
final state particles: ⇤ ! pK� resonances are visible as vertical bands, K⇤ ! K�⇡+ as
horizontal bands and �++ ! p⇡+ as diagonal bands. The di↵erent intensity patterns can
be explained by the spin of the resonance, by interference patterns or nonuniform detector
e�ciency. Regarding the ⇤ pattern, there are two narrow structures corresponding to
⇤(1520) and ⇤(1670) resonances, plus broader bands indicating possible ⇤(1405) and
⇤(1600) contributions. The only other vertical band is in the m2

pK� region 3.8� 4.0GeV,
where no clear resonances are reported according to Ref. [25]. Regarding K⇤ resonances,
the clear band is due to the K⇤(892) meson. Higher-mass resonances, having pole masses
outside the allowed phase-space, may contribute thanks to the lower-mass tail of their
broad distribution, possibly explaining the presence of an enhanced number of events at
high m2

K�⇡+ . Even if a spin-zero nonresonant component cannot be excluded visually,
the center of the Dalitz plot is almost empty of events. Finally, besides the apparent
diagonal band due to the �(1232)++ resonance, there is a slightly enhanced diagonal
band at higher m2

p⇡+ mass, a possible sign of additional �++ resonances. The Dalitz plot
shows interference e↵ects among resonances belonging to di↵erent decay chains, which

7

Table 1: Resonant composition of the default ⇤+
c ! pK�⇡+ amplitude model, with spin-parity

JP , and the Breit–Wigner mass and width parameters, which, in the amplitude fit, are left free
within the reported range or fixed to the given value if no interval is quoted.

Resonance JP Mass (MeV) Width (MeV)

⇤(1405) 1/2� 1405.1 50.5
⇤(1520) 3/2� 1515� 1523 10� 20
⇤(1600) 1/2+ 1630 250
⇤(1670) 1/2� 1670 30
⇤(1690) 3/2� 1690 70
⇤(2000) 1/2� 1900� 2100 20� 400

�(1232)++ 3/2+ 1232 117
�(1600)++ 3/2+ 1640 300
�(1700)++ 3/2� 1690 380

K⇤
0(700) 0+ 824 478

K⇤(892) 1� 895.5 47.3
K⇤

0(1430) 0+ 1375 190

are needed for the simultaneous measurement of helicity amplitudes and ⇤+
c polarization

vector [1]. It can be noted that the K⇤(892) band gets shifted when crossing the ⇤(1670)
contribution, while the ⇤(1520) band shows a destructive interference pattern with high
mass K⇤ contributions at the upper corner of the Dalitz plot.

The default amplitude model is built starting from the contributions visible in Fig. 2
and adding resonant states according to those listed in Ref. [25]. Contributions which
significantly improve the fit quality are added to the default model; those giving similar
qualities are considered as alternative models for systematic uncertainty evaluation.
The same criterion is employed for choosing among di↵erent descriptions of the same
contribution.

The resonances included in the default model are listed in Table 1. Most resonance
parameters are fixed to the mean values reported in Ref. [25]. The parameters of the broad
⇤(1600), �(1600)++, �(1700)++ and K⇤

0(1430) contributions are set to the edges of the
intervals quoted by Ref. [25] giving better fit quality. These are the upper values of the
⇤(1600) and �(1600)++ masses, the lower values of the �(1700)++ and K⇤

0 (1430) masses,
the upper values of the ⇤(1600), �(1600)++, �(1700)++ widths and the lower value of the
K⇤

0 (1430) width. The mass and width of the narrow ⇤(1520) state are left free to absorb
resolution e↵ects. A large contribution from a resonant state in the m(pK�) ⇡ 2GeV
region is observed and it is well described as a single JP = 1/2� state, indicated as
⇤(2000), with Breit–Wigner parameters determined from the fit. Di↵erent spin-parity
assignments are rejected by the fit.

The invariant mass dependence (lineshape) of resonant contributions is parametrized
by default with relativistic Breit–Wigner functions, whose implementation is described
in Appendix D. Some of the resonances employed in the amplitude model cannot be
parametrized by relativistic Breit–Wigner lineshapes. The spin-zero contribution in the
K⇤ decay channel is modeled as K⇤

0(700) and K⇤
0(1430) resonant states, each described

by a simplified version of the parametrization proposed in Ref. [60]. It consists of a
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Figure 3: Distributions for selected candidates together with amplitude fit projections in the lab
system for (top row) invariant mass squared projections; (bottom row) decay orientation angle
projections.

6 Results

The comparison between ⇤+
c ! pK�⇡+ data and default amplitude fit projections is

displayed in Figs. 3 and 4 for ⇤+
c polarization in the laboratory or approximate B systems,

respectively. The amplitude model distributions are obtained from the ⇤+
c ! pK�⇡+

simulation sample which reproduces detector e�ciency e↵ects. The fit qualities are good
given the large number of events.

The polarization components in the laboratory and approximate B systems are reported
in Table 7. This analysis demonstrates the possibility of a precision measurement of the
full ⇤+

c polarization vector, with absolute uncertainties of order 1% on each component. A
large polarization is measured in both ⇤+

c helicity frames considered. In the one reached
from the laboratory it has a modulus P ⇡ 65%, with a dominating positive transverse
component Px ⇡ 60% and a smaller negative longitudinal component Pz ⇡ �25%. In
the system reached from the approximate beauty hadron rest frame it has a modulus
P ⇡ 70%, with a dominating negative longitudinal component Pz ⇡ �66% and a smaller
positive transverse component Px ⇡ 22%. The latter polarization components follow

15

400k event (30% of full sample)

Model dependent amplitude 
analysis of LHCb



LHCb amplitude analysis

Table 7: Measured polarization components. The first uncertainty is statistical, the second is
the amplitude model choice systematic contribution and the third is the combination of the
other systematic uncertainties.

Component Value (%)

Px (lab) 60.32± 0.68± 0.98± 0.21
Py (lab) �0.41± 0.61± 0.16± 0.07
Pz (lab) �24.7± 0.6± 0.3± 1.1

Px (B̃) 21.65± 0.68± 0.36± 0.15
Py (B̃) 1.08± 0.61± 0.09± 0.08
Pz (B̃) �66.5± 0.6± 1.1± 0.1

for each two-body resonant contributions are also reported together with the e↵ective
three-body decay asymmetry parameter of the ⇤+

c ! pK�⇡+ decay. The most important
resonances contributing to the ⇤+

c ! pK�⇡+ decay are from �(1232)++, K⇤(892) and
spin-zero K⇤ states. A significant enhancement in the m2

pK� spectrum, in a region where
no clear ⇤ resonances have been reported in Ref. [25], is well described by a spin 1/2�

state, identified as a ⇤(2000) resonance. Its mass and width parameters are determined
to be 1988± 2± 21MeV and 179± 4± 16MeV, respectively. A large ⇤+

c polarization is
found, of order 65� 70%, measured with absolute uncertainties of order 1%. The normal
polarization, sensitive to time-reversal violation e↵ects and final-state interactions, is
compatible with zero. A large sensitivity to the polarization is measured, showing the
⇤+

c ! pK�⇡+ decay to be the best probe for ⇤+
c polarization. The amplitude model

obtained provides a complete description of the ⇤+
c ! pK�⇡+ decay, with applications

ranging from new physics searches to low-energy QCD. Such applications include an
increased sensitivity to angular analyses of semileptonic baryon decays, and the most
precise measurements of the ⇤+

c polarization and electromagnetic dipole moments via spin
precession.
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couplings expressed relative to this reference. The HK⇤(892)
1/2,0 helicity coupling is chosen

as reference. The default model is obtained from the amplitude fit in which the ⇤+
c

polarization is expressed in the helicity system reached from the laboratory frame.
The fit fraction, FF , for each resonance R is obtained by computing the integral of the

amplitude model over the phase-space where only the R contribution is left. Fit fractions
are normalized to the complete amplitude model integral, see Appendix A for a detailed
definition. For each two-body contribution, the associated decay asymmetry parameter ↵
is measured. It characterizes the two-body decay angular distribution,

d�

d cos ✓R
/ 1

2
(1 + ↵P cos ✓R) , (6)

in which cos ✓R = P̂ · p̂(R) is the cosine of the angle between the polarization vector P ,
its modulus denoted by P , and the direction of the intermediate resonance in the ⇤+

c rest
frame p̂(R). The ↵ parameters can be expressed as a combination of helicity coupling
squared moduli: for a ⇤+

c weak decay to a pair of states with spin J and 0 (for ⇤, �, K⇤

spin zero intermediate states) it is

↵ =
|H1/2,0|2 � |H�1/2,0|2

|H1/2,0|2 + |H�1/2,0|2
. (7)

In light of the application of the ⇤+
c ! pK�⇡+ amplitude model as a ⇤+

c polarization
analyser, it is important to give a quantitative estimation of the sensitivity to the baryon
polarization given by the decay. The sensitivity is related to the amount of parity violation
in the decay; for instance, a parity conserving decay has no sensitivity to the decaying
baryon polarization. The sensitivity is studied in comparison to that given by two-body
decays, for which the sensitivity is given by the decay asymmetry parameter.

The sensitivity to polarization of the decay can be measured by the average event
information, S2, evaluated at zero polarization, which, for a given number of events N , is
inversely proportional to the variance �2 of the polarization measurement,

S2 =
1

N�2
=

⌧
g2

f 2
(⌦)

�
=

Z
g2

f
(⌦)d⌦, (8)

(see Refs. [3, 35, 36]) with f(⌦), g(⌦) obtained expressing the decay rate PDF Eq. (43) of
Appendix A as

pPDF(⌦|Pz) = f(⌦) + Pzg(⌦), (9)

where the choice of the polarization direction is arbitrary, thanks to rotational invariance.
Indeed, S2 does not depend on the polarization direction. In practice, direction-dependent
sensitivities could be induced by experimental e↵ects, since detector e�ciencies are usually
not isotropic. The average event information for a two-body decay is related to the decay
asymmetry parameter ↵ as, applying Eqs. (6) to (8),

S =
|↵|p
3
, (10)

so that the modulus of ↵ can be seen as a measure of the polarization sensitivity. The
sensitivity to the polarization of the ⇤+

c ! pK�⇡+ three-body decay is obtained from
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LHCb, arXiv:2208.03262

Polarisation measurements



Our ongoing work…
F. Callet, E.K. A. Korchin, V. Kovalchuk, A. Lukianchuk 

10

Λc→(K*p, Δ++K,𝝠π)→pKπ decay 

• Choice of frame : common for 3 resonances

• Amplitude computation by Feynman diagram

• Only intermediate 3 resonances (3/2+, 3/2-, 1-), to start 
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Figure 1: The pK⇡ decay plane and the p � ⌃ plane (⌃ is the polarisation axis, which

we may choose to be perpendicular to the beam and the ⇤c momentum in the laboratory

frame) in the rest frame of ⇤c.

3

We use Λc rest frame with

• x’-y’-z’: the pKπ decay plane

• x-z: p-Σ plane

• z(‘): proton direction 

Brief Article

E.K.

1 Kinematical variables

We first define the 4 momentum of the final sates as follow:

⇤c ! p(p1)K(p2)⇡(p3) (1)

We work on the rest frame of ⇤c and the proton momentum to be on the the z axis:

~ez =
~p1
|~p1|

(2)

Next, we define the quantisatoin axis of the ⇤c polarisation,
~⌃, to be perpendicular to the

beam and the ⇤c momentum in the laboratory frame, i.e. ~⌃ = ~̂pbeam ⇥ ~̂p⇤c , and then, the

proton-projection axis plane to be on the x� z plane:

~ey =
~p1 ⇥ ~⌃

|~p1 ⇥ ~⌃|
(3)

Finally, we define the proton-pion plane to be the x0 � z0 plane, where z0 axis is shared

with the z axis (see Fig. 1):

~ey0 =
~p1 ⇥ ~p3
|~p1 ⇥ ~p3|

(4)

We define the angle between proton and polarisation axis to be � (sin� > 0)

cos� =
~p1 · ~⌃
|~p1 · ~⌃|

(5)

and the angle between these two planes to be ✓

cos ✓ =
~x · ~x0

|~x · ~x0| (6)

2

Different from the helicity 
amplitude, the angular dependence 
is clearer, which allows us to perform 

a more advanced sensitivity study! 

From last year’s WS
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2.2 Spin summation

After spin summation of the proton, we obtain

|M|2 = Tr
h⇣ X

R=⇤0,�++,K⇤

A†
R

⌘
(/p+mp)

⇣ X

R=⇤0,�++,K⇤

AR

⌘
P�⇤c

i
(44)

where the projection operator is defined as

P�⇤c
= u�⇤c

(Q)u�⇤c
(Q) (45)

=
1

2
(/Q+m�⇤c

)(1 + �5/a)

3 Results

3.1 The individual resonance contributions

All three resonance contributions turn out to have the same angular distribution (with
di↵erent angular coe�cients)

d�

ds12d13d cos ✓d�
= a(s12, s13)+⇠

⇣
b0(s12, s13) cos ✓ + b1(s12, s13) sin ✓ cos�+ b2(s12, s13) sin ✓ sin�| {z }

⌘b(s12,s13,cos ✓,�)

⌘

(46)
The coe�cients a, bi are the functions of Dalitz variables s12, s13 as well as the 6 hadronic

form factors, A,B, · · · , F . The goal is to determine these hadronic parameters and ⇠
simultaneously from the experimental measurements of the 4 Dalitz plots a, bi. To do so,
we first write the normalised PDF,

f̂(~v) =
a(s12, s13) + ⇠b(s12, s13, cos ✓,�)

N
(47)

where the normalisation constant N is (the b term disappears after integration of the
angles):

N =

Z
a(s12, s13) ds12ds13 (48)

6

2.2 Spin summation

After spin summation of the proton, we obtain

|M|2 = Tr
h⇣ X

R=⇤0,�++,K⇤

A†
R

⌘
(/p+mp)

⇣ X

R=⇤0,�++,K⇤

AR

⌘
P�⇤c

i
(44)

where the projection operator is defined as

P�⇤c
= u�⇤c

(Q)u�⇤c
(Q) (45)

=
1

2
(/Q+m�⇤c

)(1 + �5/a)

3 Results

3.1 The individual resonance contributions

All three resonance contributions turn out to have the same angular distribution (with
di↵erent angular coe�cients)

d�

ds12d13d cos ✓d�
= a(s12, s13)+⇠

⇣
b0(s12, s13) cos ✓ + b1(s12, s13) sin ✓ cos�+ b2(s12, s13) sin ✓ sin�| {z }

⌘b(s12,s13,cos ✓,�)

⌘

(46)
The coe�cients a, bi are the functions of Dalitz variables s12, s13 as well as the 6 hadronic

form factors, A,B, · · · , F . The goal is to determine these hadronic parameters and ⇠
simultaneously from the experimental measurements of the 4 Dalitz plots a, bi. To do so,
we first write the normalised PDF,

f̂(~v) =
a(s12, s13) + ⇠b(s12, s13, cos ✓,�)

N
(47)

where the normalisation constant N is (the b term disappears after integration of the
angles):

N =

Z
a(s12, s13) ds12ds13 (48)

6

a : Dalitz distribution (parity even)

b0 : Equivalent to α (parity odd)

b2 : triple product (CP or T odd ?)

‣ a contains |A|2, |B|2, … |Fi|2 and interferences, BC, AD, BE1,2, AF1,2…. 


‣ b0 contains interferences, AB, CD, E1,2F1,2, AC, BD, AE1,2, BF1,2…. 


‣ b2 contains imaginary part

A (𝒫), B(𝒫) 
C (𝒫), D(𝒫) 

E1,2 (𝒫), F1,2(𝒫) 

a, b0, b1, b2 are written by the form factors, A, B, C, D, Ei, Fi and 

the Breit-Wigner of each resonance.  

From last year’s WS F. Callet, E.K. A. Korchin, V. Kovalchuk, A. Lukianchuk 

Our ongoing work…
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The sensitivity study: proof of concept
Step 1) Obtain an example MC data from LHCb (with only 3 resonances)

Step 2) Construct our model (i.e. fitting our form factors using the MC Dalitz plot)

Step 3) Perform the simultaneous fit using events generated using our model

 We use the “omega” method (c.f. Gampola, tau polarisation measurement, ILC top spin measurement…).

P1:  p 
P2: K 
P3: pi

2.0 2.5 3.0 3.5 4.0 4.5
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a coefficient on m12-m23 Dalitz plane b0 coefficient on m12-m23 Dalitz plane 

Δ
Λ

K*

From last year’s WS
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The sensitivity study: proof of concept
w distribution for xi=±0.9

Fit result for ξ (for ξ=0.9)

ξ=0.890±0.009 (for 200k event)

ξ=0.882±0.028 (for 20k event)

From last year’s WS

ΔΛ

K*

w^2 weighted Dalitz plot on m12-m23 with xi=0.9 

The w^2 distribution is approximately                   
1/sigma_xi^2 distribution (sigma_xi =error on xi), 
i.e.  the plot shows the region of high sensitivity

F. Callet, E.K. A. Korchin, V. Kovalchuk, A. Lukianchuk 



Recent LHCb polarimetry paper
LHCb, arXiv:2301.07010

dynamics. It can be expanded in the basis of the Pauli matrices and the identity matrix,

X⌫0,⌫() =
X

{�}

A
⇤
⌫0,{�}()A⌫,{�}() , (7)

=
I0()

2

�
1 + ~↵() · ~�P

�
⌫0,⌫

.

Here, I0() is the total di↵erential decay rate, I0 =
P

⌫,{�}
��A⌫,{�}

��2. The aligned polarime-
ter vector ~↵ is computed by expanding the squared decay amplitude in the basis of the
Pauli matrices,

~↵() =
X

⌫0,⌫,{�}

A
⇤
⌫0,{�}~�⌫0,⌫A⌫,{�}

�
I0() . (8)

Equation (6) is simplified using properties of the rotation group and the Pauli matrices.
The Wigner D-matrix in Eq. (5) has 4⇡ invariance, since it belongs to the spin-1/2
representation of the rotation group. However, dependence of the physical observables on
the rotation must correspond to the physical, 2⇡-folded representations. Particularly, the
Cornwell theorem from group theory (see for example Section 3, Chapter 5 of Ref. [36])
gives the relation between the rotation of the transition amplitude (spin-1/2 representation
of the SU(2) group) and the rotation of the three-dimensional vector (spin-1 representation
of the SU(2) group). With this, the expression for the di↵erential decay rate gets a simple
form,

|M(�, ✓,�,)|2 = I0()

✓
1 +

X

i,j

PiRij(�, ✓,�)↵j()

◆
, (9)

where Rij(�, ✓,�) is a three-dimensional rotation matrix implementing the Euler transfor-
mation to a physical vector. It matches Eq. (2) with the matrix product, R ~↵, being the
polarimeter vector ~h. The quantities ~↵() give a model-agnostic representation for polari-
sation dependence of the decay rate. To incorporate the decay variables to a more complex
reaction, Eq. (7) should be used. For example, an amplitude analysis of B+

! ⇤
+
c ⇤

�
c K

+,
where ⇤

+
c and ⇤

�
c decays to pK

�
⇡
+ and p̄K

+
⇡
� final states, respectively, would greatly

benefit from the polarimeter field ~↵. The decay rate is expressed using the X⇤+
c and X⇤�

c

matrices in Appendix D.
The di↵erential decay rate remains sensitive to the initial polarisation even after

integration over the kinematic variables . In that case, the rate is only a function of the
three production angles,

8⇡2

�

d3�

d� d cos ✓ d�
= 1 +

X

i,j

PiRij(�, ✓,�)↵j , (10)

where the components of the averaged aligned polarimeter vector ~↵ are defined as,

↵j =

Z
I0↵jd

n

� Z

I0 d
n
 . (11)

The integration over the kinematic variables simplifies the analysis, but leads to an
increased uncertainty on the results. As discussed below, the method proposed in Ref. [24]
can be used to quantify this e↵ect.

5

Figure 2: Aligned polarimeter vector field in Dalitz-plot coordinates. The z and x components

of the ↵ vector are shown by the horizontal and vertical projections of the arrow, respectively.

The colour indicates the length of the polarimeter vector. The sketch in the top right corner

shows the decay-plane orientation. The momentum arrows for the pion and the kaon are shown

in gray, since their orientation depends on the kinematic variables, m2
(K�⇡+

) and m2
(pK�

).

are defined to match the two ways of formulating the amplitude. The obtained model
is validated against the implementation of Ref. [15] up to di↵erences in floating-point
precision.

The distribution of the ~↵ components computed using Eq. (8) is shown in Fig. 2.
Together with the intensity distribution, the ~↵ field gives all information needed to
determine the ⇤

+
c polarisation in further analyses by means of Eq. (9). The polarimeter

vector at the phase-space point given in the Dalitz-plot coordinates, m2(K�
⇡
+) and

m
2(K�

p), is indicated with an arrow projected onto the xz plane. The length of the
polarimeter vector, shown by the colour, changes from point to point. However, it is
greater than 0.5 for most of the kinematic domain, indicating significant contributions of
both parity-conserving and parity-violating currents [40]. The structures in Fig. 2 are
driven by resonances in di↵erent subsystems and their interference. For the ⇤

+
c baryon

decaying to a baryon and a (pseudo)scalar, the aligned polarimeter vector points in
the same direction as the momentum of one of the two particles. The resonance then
decays, but this does not influence the direction of the polarimeter vector. If the z axis is
chosen parallel to the momentum of the resonance of the decay chain, the vector map is
homogeneous, i.e. the polarimeter vector is the same at every point in the phase space,
as shown on the left panel of Fig. 3. For a combination of many decay chains, ~↵ is not
aligned with any momenta. In fact, interference between the decay chains might cause
↵y 6= 0, meaning that the ~↵ vector points out of the momentum plane.

7

Figure 4: Uncertainties on the length of the aligned polarimeter vector for each phase-space

point. The left panel shows combined statistical and systematic uncertainties, and the right

panel shows the model uncertainties.

The statistical uncertainties are computed using the corresponding uncertainty on the
parameters for the default model of Ref. [15]. The parameter values are assumed to be
Gaussian-distributed and uncorrelated. A sample of 100 parameter sets is drawn from
the model parameters to compute the distribution of the inferred quantities. To preserve
correlations of the polarimeter field in the kinematic domain, the sampled ~↵ distributions
are provided as supplementary material [41].

The model uncertainties are computed from the alternative models that are described
in Ref. [15]. The polarimeter field is computed for every alternative model and presented in
supplemental material for this paper. For scalar inferred quantities, the model uncertainty
is computed by the extrema of the sample of alternative models. These model uncertainties
dominate over the statistical uncertainties for all the checked quantities. Once the ~↵ field
is used for the polarisation measurements with Eq. (9), or for a spectroscopy analysis (see
Appendix D for an example), it becomes straightforward to propagate all uncertainties by
simply replacing the field of the default model to the fields provided in the supplementary
material.

The systematic uncertainty is found to be negligible compared to the statistical and
model uncertainties. The e↵ect is accounted for by inflating the statistical uncertainties
used in the resampling, namely, the statistic and systematic uncertainties on the sampled
parameters are added in quadrature. Figure 4 summarises the e↵ect of the uncertainties
on the polarimetry field. The model uncertainty dominates over the other sources of
uncertainty. Areas with the largest uncertainties overlap with regions where there is a
small number of events and where tails of di↵erent resonances interfere. All computations
are performed with libraries from the ComPWA project [42] and cross-checked with the
ThreeBodyDecay.jl package [43].

A distinct feature of multibody decays with respect to two-body processes is that the
averaged value of the polarimeter vector defined by Eq. (11) has transverse components.
The averaged asymmetry ~↵ is computed with Eq. (10). The result for the averaged
aligned polarimeter vector is shown in Table 1. In addition to the Cartesian components,
the table gives the averaged vector in spherical coordinates, with ↵, ✓, and � being the

9

Similar result is obtained recently 
by LHCb (using the LHCb model of  

arXiv:2208.03262)



Model independent amplitude 
analysis of Λc→pKπ decay 



c(s12, s13) = AD(s12, s13)AD(s13, s12) cos[�D(s12, s13)� �D(s13, s12)]
s(s12, s13) = AD(s12, s13)AD(s13, s12) sin[�D(s12, s13)� �D(s13, s12)]
x(s12, s13) ⌘ 2rB cos(�B � �3)
y(s12, s13) ⌘ 2rB sin(�B � �3)
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FIG. 1. The (left) equal ��D , (middle) optimal and (right) modified optimal binnings of the D ! K0
S,L⇡

+⇡� Dalitz plot from Ref. [23].
The color scale represents the absolute value of the bin number |i|.

to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.

Strong phase from BESIII LHCb γ measurement
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Determining the CKM phase ɸ3 (ɣ) using external input (model independent) of strong phase

Example of Model independent analysis
hep-ex/0303187

Giri, Grossman Soffer, Zupan 
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Bondar, Poluektov



Determining the polarisaion using external input (model independent)?

Can we do the same?
 

Λ+c → pK−π+Using  as a spin polarimeter*

Dai-Hui Wei(魏代会)1     Yong-Xu Yang(杨永栩)1     Rong-Gang Ping(平荣刚)2,3†

1School of Physical Science and Technology, Guangxi Normal University, Guilin 541004, China
2Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

3University of Chinese Academy of Science, Beijing 100049, China
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I.  INTRODUCTION

Measurements  of  the  initial c-quark  polarization  in
charmed-baryon  decays  play  an  important  role  in  the
search  for  new  physics  processes,  for  example,  at  the
Large  Hadron  Collider  (LHC)  experiment.  Analysis  of
spin transfer provides access to the nonperturbative QCD
parameters relevant to the dynamics of the hadronization
process  and  thus  provides  crucial  information  about  the
structure  of  new physics  [1, 2].  Moreover,  measurement
of charmed baryon polarization can be used to search for
the  anomalous  magnetic  moment  [3],  magnetic  dipole
moments [4], and electromagnetic dipole moments [5–7]
at the LHC experiment.

Λ+c → pK−π+

Λ+c → Λπ+, Σ+π0, Σ0π+

pKS ∼

Λ+c → pK−π+

Λ+c → pK−π+

The decay  can be selected as a spin po-
larimeter to analyze charmed baryon polarization [1]. Al-
though two-body decays, such as ,
and ,  having approximately 1% 2% branching frac-
tions  [8, 9],  and their  decay asymmetry parameters  have
recently  been  well  measured  [10],  their  individual
branching  fractions  are  only  one  sixth  of  that  for

.  The  charged  final  states  can  be  directly
identified in the LHC experiment, and an analysis on the
decay  is ongoing [11].

Λ+c → pK−π+Knowledge  on  spin  transfer  in  the  de-
cay is essential for calibrating it as a polarimeter in exper-

Λ+c udc

1/2

Λ+c → pK−π+

e+e− → Λ+c Λ̄−c Λ+c → pKS , Λπ+, Σ0π+

Σ+π0

iments. In the quark model, the lightest charmed baryon,
,  is  composed  of  quarks  and  is  classified  into  a

mixed-symmetry 20 multiplet; hence, its spin is assigned
as  [8]. Confirmation of the spin-1/2 assignment dates
back  to  the  90s  in  the  NA32 experiment  [12].  Owing  to
limited  events, the  spin  was  not  conclus-
ively  determined;  however,  the  results  were  compatible
with  the  spin-1/2  assignment.  Recently,  using the  events
from  with ,  and

, the spin-1/2 assignment was confirmed with a sig-
nificance of approximately 6σ [13].

Λ+c
e+e− → Λ+c Λ̄−c Λ+c → pK−π+

Λ+c → pK−π+

e+e− Λ+c

Λ+c

In  this  study,  we  propose  to  calibrate  the  polari-
meter  using  the  decays  and .
These  decays  were  once  used  to  measure  the  absolute
branching fraction of  during the BESIII ex-
periments [14]. Other than its large branching fraction, an
advantage is  that  its  polarization  information  is  unam-
biguously  known  from  the  transfer  of  the  unpolarized
beams of the  collider. The possible existence of 
transverse polarization (TP) can be determined using data
events and is helpful for calibrating the  polarimeter.

K̄∗(892)0

∆(1232) Λ∗ Σ∗

Λ+c → pK−π+

Copious  intermediate  states,  for  example, ,
, and the excited  and  states, are observed in

the Dalitz plot of the weak decay  [15, 16].
An amplitude model can be applied to the decay to study
the  decay  dynamics  [17].  However,  a  measurement  of

        Received 13 September 2021; Accepted 17 March 2022; Published online 10 May 2022
      * Partly supported by the National Natural Science Foundation of China NSFC (11875262, 11875115), Joint Large-Scale Scientific Facility Funds of the NSFC and
Chinese Academy of Sciences (U2032110)
     † E-mail: pingrg@ihep.ac.cn

Chinese Physics C    Vol. 46, No. 7 (2022) 074002

     ©2022 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese
Academy of Sciences and IOP Publishing Ltd

074002-1

W̃ =W(α,β)/
∫
W(α,β) sinβdβdα

G0

where  is the  normal-
ized  function  of  the  angular  distribution  (see  Eq.  (18)).
With  the  maximum  likelihood  estimate,  the  variance  of
parameter  is defined by the expected value. 

V−1(G0) =E
[
−∂

2 lnL(Xi|G0)
∂2G0

]
,

=N
∫

1

W̃



∂W̃(X|G0)
∂G0




2

dX, (22)

dX = sinβdβdαwhere .

G0
G0|$P|" 1 Λ+c

e+e− Λ+c Λ̄
−
c
Px = Pz = 0

O((G0|$P|)5)

We  consider  a  special  case  with  weak  polarization
and  a  small  asymmetry  parameter ,  such  that

. In particular, the  events are accumulated at
the  collider  near  the  mass  threshold  in  the
BESIII  experiment  [10],  with . Up  to  an  ac-
curacy of , we obtain
 

δG0 =

√
105
N

1
G0Py

√
1

35+21G2
0P2

y +15G4
0P4

y
. (23)

G0
G0

An inverse problem in the application of the spin po-
larimeter  concerns  the  estimation  of  the  polarization
measurement  sensitivity,  which can be determined using
the same procedure. We find that it has the same form as
the  measurement because the polarization is solely de-
pendent  on  the  measurement,  as  shown  in  Eq.  (19),
namely, 

∆Py

Py
=

√
105
N

1
G0Py

√
1

35+21G2
0P2

y +15G4
0P4

y
. (24)

P G0
δG0

Estimation  of  the  sensitivity  is  dependent  on  the
measurements  of  parameters  and . Figure  1 shows
that the sensitivities of measurement  varied with the

Λ+c
Py = 0.3 G0 = 0.1,0.2,0.3

e+e−

Px = Pz = 0

105 Λ+c

number of  candidates for the different parameters, for
instance,  and . Here, we assume
the  use  of  an  collider  with  unpolarized  beams  and

,  such  as  in  the  BESIII  experiment.  We  can
see that a sensitivity of a few percent can be achieved if

 candidates survive from the event selection criter-
ia. 

e+e− → Λ+c Λ̄−cV.  CALIBRATION WITH  EVENTS

Λ+c
e+e−

Λ+c
e+e−

e+e−

Λ+c
Λ+c

The advantages of calibrating the  polarimeter with
 annihilation events originate from the parity conser-

vation in this electromagnetic process. Also,  polariza-
tion is well known. For the unpolarized  beam exper-
iment,  a  virtual  photon  is  produced  from  annihila-
tion with tensor polarization, while the longitudinal polar-
ization is zero. Hence, the polarization of  particles is
only  allowed  along  the  direction  normal  to  the  pro-
duction plane.

Λ+c Λ+c

e+e− → Λ+c (λ1)Λ̄−c (λ0)
Λ+c

Λ+c e+

Λ+c Λ+c

Λ+c x,y,z
e+e− Λ+c

Λ+c

To calculate the  SDM, we first define the  heli-
city  system  (x-y-z),  which  is  produced  from  the

 process,  as  shown in Fig.  2.  The z
axis  is  taken  along  the  flying  direction,  the x axis  is
defined  in  the -production  plane  formed  by  the 
beam  and  momenta  and  is  normal  to  the  mo-
mentum,  and the y axis  is  taken along the  normal  to  the

-production  plane;  therefore,  form  a  right-hand
system. In the -center-of-mass (CM) system, the 
momentum  is  characterized  by  the  polar  angle θ.  Then,
the  SDM is calculated using 

ρ(Λ+c )λ1,λ′1 =
∑

m,λ0

D1∗
m,λ1−λ0

(0,θ,0)

×D1
m,λ′1−λ0

(0,θ,0)Aλ1,λ0
A∗λ′1,λ0

, (25)

m = ±1
Aλ1,λ2

A−1/2,−1/2 = A1/2,1/2, A−1/2,1/2 =

A1/2,−1/2
Λ+c

where  is the spin projection of the virtual photon,
and  denotes the helicity amplitudes.  There are two
independent  amplitudes  due  to  the  constraints  of  parity
conservation,  that  is, 

. In  the  experiment,  only  the  ratio  of  two  amp-
litudes  can  be  measured.  The  study  on  the  angular
distribution  is  related  to  the  measurement  of  amplitude

 

δG0

Py G0 Λ+c → pK−π+.
Fig. 1.    (color online) Sensitivity of measurement  for the
different parameters  and  with the decay 

 

Λ+c

e+e− → Λ+c Λ̄−c ,Λ+c → pK−π+
Fig.  2.    (color  online)  Definition  of  the  helicity  system
for its production from the  process.
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Similar example: full angular analysis of e+e- —-> ΛΛbar

Investigating Spin-correlation of ΛΛbar 

For Λ, a detailed parameter 
measurement (including the 

Electric/Magnetic form factor) has 
been done using the full angular 

analysis
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Using a sample of 1.31 ⇥ 109 J/ events collected with the BESIII detector, we report the first
observation of spin polarization of ⇤ and ⇤̄ hyperons from the coherent production in the J/ ! ⇤⇤̄
decay. We measure the phase between the hadronic form factors to be �� = (42.4 ± 0.6 ± 0.5)�.
The decay parameters for ⇤ ! p⇡� (↵�), ⇤̄ ! p̄⇡+ (↵+) and ⇤̄ ! n̄⇡0 (↵̄0) are measured to
be ↵� = 0.750 ± 0.009 ± 0.004, ↵+ = �0.758 ± 0.010 ± 0.007 and ↵̄0 = �0.692 ± 0.016 ± 0.006,
respectively. The obtained value of ↵� is higher by (17 ± 3)% than the current world average. In
addition, the CP asymmetry ACP = (↵� + ↵+)/(↵� � ↵+) of �0.006± 0.012± 0.007 is extracted
with substantially improved precision. The ratio ↵̄0/↵+ = 0.913± 0.028± 0.012 is also measured.

PACS numbers: 11.80.Cr, 13.20.Gd, 14.20.Jn

I. INTRODUCTION

The well-defined and simple initial state makes
baryon-antibaryon pair production at an electron-
positron collider an ideal system to test fundamental
symmetries in the baryon sector, in particular when
the probability of the process is enhanced by a reso-
nance such as the J/ [1]. The spin orientations of
the baryon and antibaryon are entangled and, for spin
one-half baryons, the pair is produced either with the

same or opposite helicities. The transition amplitudes
to the respective spin states can acquire a relative
phase due to the strong interaction in the final state,
leading to a time-reversal-odd observable: a trans-
verse spin polarization of the baryons [2, 3]. This
e↵ect has previously been neglected for the baryon
pairs from J/ decays [4], and there is no prediction
for this polarization.

Here, we observe baryon polarization for the first
time in an electron-positron reaction. The baryon
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where n̂1 (n̂2) is the unit vector in the direction of
the nucleon (antinucleon) in the rest frame of ⇤ (⇤̄).
The components of these vectors are expressed using
a common (x̂, ŷ, ẑ) coordinate system with the ori-
entation shown in Fig. 1. The ẑ axis in the ⇤ and
⇤̄ rest frames is oriented along the ⇤ momentum p⇤

in the J/ rest system. The ŷ axis is perpendicular
to the reaction plane and oriented along the vector
k�⇥ p⇤, where k� is the electron beam momentum
in the J/ rest system. The variable ⇠ denotes the
tuple (✓⇤, n̂1, n̂2), a set of kinematic variables which
uniquely specify an event configuration. The terms
multiplied by ↵�↵+ in Eq. (1) represent the contribu-
tion from ⇤⇤̄ spin correlations, while the terms multi-
plied by ↵� and ↵+ separately represent the contribu-
tion from the polarization. The presence of all three
contributions in Eq. (1) enables an unambiguous de-
termination of the parameters ↵ and �� and the
decay asymmetries ↵�, ↵+. If ⇤̄ is reconstructed via
its n̄⇡0 decay, the parameters ↵ , �� and the decay
asymmetries ↵� and ↵̄0 can be determined indepen-
dently, since the corresponding angular distribution
is obtained by replacing ↵+ by ↵̄0 and interpreting
n̂2 as the antineutron direction in Eq. (1).

II. ANALYSIS

The analysis is based on (1310.6 ± 7.0) ⇥ 106 J/ 
events [28] collected with the BESIII detector, which
is described in detail in Ref. [29]. The ⇤ hyperons
are reconstructed using their p⇡� decays and the ⇤̄
hyperons using their p̄⇡+ or n̄⇡0 decays. The event
reconstruction and selection procedure are described
in Appendix A. The resulting data samples are es-
sentially background free, as shown in Figs. A.1 and
A.2. A Monte Carlo (MC) simulation including all
known J/ decays is used to determine the back-
ground contribution. The sizes of the final data sam-
ples are 420,593 and 47,009 events with an estimated
background of 399± 20 and 66.0± 8.2 events for the
p⇡�p̄⇡+ and p⇡�n̄⇡0 final states, respectively. For
each event the full set of the kinematic variables ⇠ is
reconstructed.

The free parameters describing the angular distri-
butions for the two data sets — ↵ , ��, ↵�, ↵+,
and ↵̄0 — are determined from a simultaneous un-
binned maximum likelihood fit. In the fit, the like-
lihood function is constructed from the probabili-
ty density function P(⇠(i)) = C(↵ ,��,↵�,↵2)⇥
W(⇠(i);↵ ,��,↵�,↵2) with ↵2 = ↵+ and ↵2 = ↵̄0

TABLE I. Summary of the results: the J/ ! ⇤⇤̄ angular
distribution parameter ↵ , the phase ��, the asymmetry
parameters for the ⇤ ! p⇡� (↵�), ⇤̄ ! p̄⇡+ (↵+) and
⇤̄ ! n̄⇡0 (↵̄0) decays, the CP asymmetry ACP , and the
ratio ↵̄0/↵+. The first uncertainty is statistical, and the
second one is systematic.

Parameters This work Previous results
↵ 0.461± 0.006 ±0.007 0.469± 0.027 [25]
�� (42.4± 0.6± 0.5)� –
↵� 0.750± 0.009± 0.004 0.642± 0.013 [27]
↵+ �0.758± 0.010± 0.007 �0.71± 0.08 [27]
↵̄0 �0.692± 0.016± 0.006 –
ACP �0.006± 0.012± 0.007 0.006± 0.021 [27]
↵̄0/↵+ 0.913± 0.028± 0.012 –

for the p⇡�p̄⇡+ and p⇡�n̄⇡0 data sets, respective-
ly. The final configuration of an event i is character-
ized by the vector ⇠(i), and W(⇠(i);↵ ,��,↵�,↵2)
is given by Eq. (1). The normalization of the
probability function, C(↵ ,��,↵�,↵2), is deter-
mined for each parameter set using a sum of the
weights W(⇠(m);↵ ,��,↵�,↵2) for an ensemble
⇠(m) of isotropically generated MC events (with
W(⇠; 0, 0, 0, 0) ⌘ 1). The generated events are prop-
agated through a computer model of the BESIII de-
tector and filtered using the same selection criteria
as for the experimental data. The resulting global
fit describes the multidimensional angular distribu-
tions very well as shown in Figs. A.3 and A.4. In a
crosscheck the fit was applied to the two data sets
separately and the obtained values of the parame-
ters agree within statistical uncertainties as shown in
Table A.1. The details of the fit as well the evalua-
tion of the systematic uncertainties are discussed in
Appendix A, and the contributions to the systematic
uncertainty are listed in Table A.2.

III. RESULTS

A clear polarization, strongly dependent on the ⇤
direction, cos ✓⇤, is observed for ⇤ and ⇤̄. In Fig. 2,

the moment µ(cos ✓⇤) = (1/N)
PN(✓⇤)

i (n(i)
1,y � n(i)

2,y),
related to the polarization, is calculated in 50 bins in
cos ✓⇤. N is the total number of events in the da-
ta sample and N(✓⇤) is the number of events in a
cos ✓⇤ bin. In the limit of CP conservation, ↵� =
�↵+, while an approximate isospin symmetry leads
to ↵+ ⇡ ↵̄0 [16, 30], and the expected angular depen-
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1. Introduction

Two hadronic form factors, commonly called GM(s) and
GE(s), are needed for the description of the annihilation pro-
cess e

�
e
+ ! ⇤⇤̄, Fig. 1a, and by varying the c.m. energy

p
s,

their numerical values can in principle be determined for all s

values above⇤⇤̄ threshold. For the general case of annihilation
via an intermediate photon, the joint ⇤(! p⇡�)⇤̄(! p̄⇡+) de-
cay distributions were calculated and analyzed in Ref.[1], using
methods developed in [2, 3]. Recently, a first attempt to calcu-
late the hyperon form factors GM(s) and GE(s) in the time-like
region was reported in Ref. [4].
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e+(k2)

e�(k1)

⇤̄(p2)

⇤(p1)

Figure 1: Graph describing the reaction e
+

e
� ! ⇤̄⇤; a) genaral case, and b)

mediated by the J/ resonance.

Email addresses: goran.faldt@physics.uu.se (Göran Fäldt),
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Previously, the interesting special case of annihilation
through an intermediate J/ or  (2S ), Fig. 1b, has been in-
vestigated in several theoretical [5, 6] and experimental papers
[7, 8, 9]. This process has also been used for determination of
the anti-Lambda decay-asymmetry parameter and for CP sym-
metry tests in the hyperon system. A precise knowledge of the
Lambda decay-asymmetry parameter is needed for studies of
spin polarization in ⌦�, ⌅�, and ⇤+

c
decays.

Presently, a collected data sample of 1.31 ⇥ 109
J/ events

[10] by the BESIII detector [11] permits high-precision studies
of spin correlations.

In the experimental work referred to above, the joint-
hyperon-decay distributions considered are not the most general
ones possible, but seem to be curtailed. Incomplete distribution
functions do not permit a reliable determination of the form
factors and we therefore suggest to fit the experimental data to
the general distribution described in [1], and further elaborated
below.

Since the photon and the J/ are both vector particles, their
corresponding annihilation processes will be similar. In fact, by
a simple substitution, the cross-section distributions in Ref. [1],
valid in the photon case, are transformed into distributions valid
in the J/ case, but expressed in the corresponding psionic form
factors G

 
M

and G
 
E

.
In order to specify events and compare measured data

with theoretical predictions, we need distribution functions ex-
pressed in some specific coordinate system. For this purpose we
employ the coordinate system introduced in [1]. Many inves-
tigations employ di↵erent coordinate systems for the Lambda
and anti-Lambda decays, a custom which in our opinion can
lead to confusion.

Our calculation is performed in two steps. After some pre-
liminaries we turn to the inclusive process of lepton annihila-
tion into polarized hyperons. The results obtained are the start-
ing point for the calculation of exclusive annihilation, i.e. the
distribution for the hyperon-decay products. Our method of
calculation consists in multiplying the hyperon-production dis-
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The electric dipole moment (EDM) of elementary particles, arising from flavor-diagonal CP viola-
tion, serves as a powerful probe for new physics beyond the Standard Model and holds the potential
to provide novel insights in unraveling the puzzle of the matter-dominated Universe. Hyperon EDM
is a largely unexplored territory. In this paper, we present a comprehensive angular analysis that
focuses on entangled hyperon-antihyperon pairs in J/ decays for the indirect extraction of hyperon
EDM. The statistical sensitivities are investigated for BESIII and the proposed Super Tau-Charm
Facility (STCF). Leveraging the statistics from the BESIII experiment, the estimated sensitivity for
⇤ EDM can reach an impressive level of 10�19 e cm, achieving a 3-orders-of-magnitude improvement
over the only existing measurement in a fixed-target experiment at Fermilab with similar statistics.
The estimated sensitivities for the ⌃+, ⌅�, and ⌅0 hyperons at the same level of 10�19 e cm will
mark the first-ever achievement and the latter two will be the first exploration of hyperons with two
strange valence quarks. The EDM measurements for hyperons conducted at the BESIII experiment
will be a significant milestone and serve as a litmus test for new physics such as supersymmetry and
the left-right symmetrical model. Furthermore, at the STCF experiment, the sensitivity of hyperon
EDM measurements can be further enhanced by 2 orders of magnitude. Additionally, this angular
analysis enables the determination of CP violation in hyperon decays, the e↵ective weak mixing
angle, and beam polarization.

The measurement of a particle’s permanent electric

dipole moment (EDM), which violates both parity (P )

and time-reversal symmetries, and, consequently, charge

parity (CP ) symmetry according to the CPT theorem,

serves as not only a robust means of testing the validity of

the Standard Model (SM) but a sensitive probe for new

physics, especially those that could induce lower-loop or

flavor-diagonal CP Violation (CPV), in the multi-100-

TeV mass range [1, 2]. Neutron and
199

Hg EDM mea-

surement have set an upper limit on the SM QCD ef-

fective vacuum phase of ✓̄ / 10
�10

, yet the SM permits

any value within the [0, 2⇡] range. This conundrum is

commonly known as the strong CP problem [3]. Exam-

ining EDM within the hadronic system serves as a means

to either corroborate or disprove the ✓̄ explanation and,

in conjunction with the investigation of leptonic EDM,

constitutes an essential approach for the pursuit of new

⇤ jinlin.fu@ucas.ac.cn
† wangjp20@lzu.edu.cn
‡ zhangjianyu@ucas.ac.cn

physics [1]. Investigating EDM in baryonic and light nu-

clear systems presents a unique prospect for elucidating

various CPV models [4]. Within the hyperon system,

the strange quark may exhibit a special interaction with

new physics, potentially leading to a substantial EDM

e↵ect. This could suggest that the new physics possesses

a specific flavor structure. Another crucial aspect is that

the sole measurement of EDM is inadequate to di↵eren-

tiate various sources of CPV beyond the SM. Hence, it

becomes essential to utilize supplementary observations

from diverse systems, such as hadrons, atoms, nuclei, and

molecules [2].

Despite over seven decades of study on the pursuit

of EDMs, the ⇤ hyperon remains the only member of

the hyperon family for which the upper limit of EDM,

1.5 ⇥ 10
�16

e cm, has been measured via spin preces-

sion at Fermilab [5]. The absolute value of the ⇤ EDM,

which is estimated indirectly using the experimental up-

per limit of the neutron EDM, is < 4.4⇥ 10
�26

e cm [6–

9]. There are no indirect predictions for hyperons with

two or three strange valence quarks. A variety of experi-

mental approaches have been proposed, such as ⇤ EDM
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The momenta directions of ⇤ and ⇤ in the frame of ⌅ and

⌅ are parametrized by the polar and azimuthal angles

✓1,�1 and ✓2,�2, respectively. The polar and azimuthal

angles ✓3,�3 and ✓4,�4 refer to the orientation of the pro-

ton and antiproton in the frame of ⇤ pairs, respectively.

The definitions of these helicity angles are illustrated in

Fig 1, and analogous definitions are employed for the sub-

sequential decay of antiparticles. Helicity amplitudesH�i

and F�i are used to parametrize the dynamics of weak

decay ⌅ ! ⇤⇡ and ⇤ ! p⇡, and corresponding charge

conjugated processes are denoted by H and F with a

bar. The formula for type (i) is obtained by retaining

only ✓1,2 and �1,2 and identifying H as F .

The asymmetry parameters ↵ and �, which were orig-

inally introduced by Lee and Yang [27], are used to de-

fine the hyperon CP -violating observables as A
B
CP =

(↵B+↵̄B)/(↵B�↵̄B) and��
B
CP = (�B+�̄B)/2 [28]. Two

observables are complementary as they rely on the sine

and cosine of the strong phase di↵erence, respectively.

In hyperon decays, the relative strong phases are small,

so that the latter one exhibits better sensitivity [29, 30].

Moreover, in this paper, the latter in ⌅ decays can be de-

termined because of the measurable polarization of the

⇤ hyperon.

TABLE I. Estimated yields of pseudoexperiments based on
the statistics from BESIII and STCF experiments, where Btag

represents the branching ratio of cascade decay, ✏tag repre-
sents the expected detection e�ciency, and Nevt

tag represents
the number of expected events after reconstruction.

Decay channel J/ ! ⇤⇤̄ J/ ! ⌃
+
⌃̄

�
J/ ! ⌅

�
⌅̄
+

J/ ! ⌅
0
⌅̄
0

Btag/(⇥10
�4

) [31] 7.77 2.78 3.98 4.65

✏tag/% [24, 28, 32, 33] 40 25 15 7

N
evt
tag/(⇥10

5
)(BESIII) 31.3 7.0 6.0 3.3

N
evt
tag/(⇥10

8
)(STCF) [13] 10.6 2.4 2.0 1.1

To evaluate the statistical sensitivity of the measure-

ment, 500 pseudoexperiments of each decay are generated

and fitted using a probability density function derived

from the full angular distributions shown in Eq. (8). The

estimated yields presented in Table I, as well as the form

factors and decay parameters from the published arti-

cles [19, 24, 28, 31–33], are fixed for the generation. The

EDM, along with other form factors, decay parameters,

and polarization, can be simultaneously determined from

fitting. This work further investigates the sensitivities for

di↵erent statistics at BESIII and STCF experiments, tak-

ing into account branching fractions, detection e�cien-

cies, and the impact of a longitudinally polarized electron

beam. Figure 2(a) presents the estimated sensitivities for

hyperon EDMs. Utilizing the present statistics from the

BESIII experiment, the sensitivity for ⇤ EDM reaches

10
�19

e cm (red full circle), achieving a remarkable 3-

orders-of-magnitude improvement over the only existing

measurement at Fermilab with similar statistics. Fur-

thermore, the BESIII experiment maintains state-of-the-

art sensitivities of 10
�19

e cm for the ⌃
+
, ⌅

�
, and ⌅

0

hyperons. The STCF experiment is expected to further

improve the EDM sensitivities by around 1-2 orders of

magnitude (shown by the open square and full triangle

symbols).

The calculated sensitivities for CPV in hyperon decays

are depicted in Figure 2(b). With an 80% longitudinally

polarized electron beam at STCF experiment, the most

optimal sensitivities for CPV induced by the ↵B param-

eter (red full triangle) are expected to reach 5 ⇥ 10
�5

(6 ⇥ 10
�5

) in J/ ! ⇤⇤ (J/ ! ⌃
+
⌃

�
) decays. Simi-

larly, for the �B parameter, the sensitivities for CPV in

the decays J/ ! ⌅
�
⌅
+

and J/ ! ⌅
0
⌅
0
are 2⇥ 10

�4

and 3⇥ 10
�4

respectively, as represented by the blue full

triangle. The sensitivities for the observables A
B
CP and

��
B
CP have achieved the anticipated levels as predicted

by the SM [30, 34, 35]. The estimated sensitivities for FA

and the subsequently constrained sin
2
✓
e↵
W are depicted

in Figure 2(c), where only the sensitivities for the mod-

ule of FA are reported as the phase is found to have a

small impact based on the toy study. The sensitivity

for sin
2
✓
e↵
W constrained solely by FA can reach 8⇥ 10

�3
.

Similarly, Figure 2(d) depicts the estimated sensitivities

for J/ polarization and the subsequently constrained

sin
2
✓
e↵
W and, accordingly, the sensitivity for sin

2
✓
e↵
W con-

strained solely by PL can reach 2 ⇥ 10
�2

at the STCF

experiment. Furthermore, the sensitivity for sin
2
✓
e↵
W will

be further improved to 5 ⇥ 10
�3

in J/ ! ⇤⇤ decays

by the simultaneous constraint from FA and PL. Lon-

gitudinal polarization for the electron beam can also be

determined through angular analysis, yielding the best

sensitivity up to 6 ⇥ 10
�5

as depicted in Figure 2(d)

(red full triangle up), which can be used for more pre-

cise measurement of the weak mixing angle from Bhabha

scattering events [26].

In conclusion, to investigate the largely unexplored ter-

ritory of hyperon EDMs, we have proposed a compre-

hensive angular analysis, considering P violation in J/ 

production and CP and P violation in J/ decay. The

EDM, along with CP -violating observables in hyperon

decays, e↵ective weak mixing angle, and beam polariza-

tion can be simultaneously extracted from the angular

analysis. The statistical sensitivities for physical observ-

ables have been estimated for BESIII and STCF sce-

narios. Utilizing the expected statistics obtained from

the BESIII experiment, the ⇤ EDM measurement can

achieve an impressive upper limit of 10
�19

e cm, present-

ing a remarkable improvement of 3 orders of magnitude

compared to the only existing measurement at Fermilab

with similar statistics. The EDM measurement of ⌃
+
,

⌅
�
, and ⌅

0
hyperons at the same level of 10

�19
e cm will

be a ground-breaking accomplishment as the first-ever

achievement and the latter two will be the first explo-

ration of hyperons with two strange valence quarks. At

the STCF experiment, with a longitudinally polarized

electron beam, the search for hyperon EDMs could po-

tentially reach levels of 10
�21

� 10
�20

e cm. The EDM

measurements for hyperons will be a significant milestone

and a stringent test for new physics, such as SUSY and

the left-right symmetrical model. At the same time, the

CPV in hyperon decays could be verified at a sensitivity
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FIG. 2. Sensitivity for (a) EDM, (b) CP -violating variables in hyperon decays, and (c) form factor FA, (d) polarization for
J/ product and beam, and (c), (d) weak mixing angle parameter sin2✓e↵W . The markers for hyperons ⇤, ⌃+, ⌅�, and ⌅0 are
located within dashed regions, respectively. The red and blue markers correspond to the sensitivity of the physical quantities
represented by the red title (left Y axis) and blue title (right Y axis) in the graph. The green markers in (b) correspond to the
physical quantity represented by the red title on the left Y axis. The full circle, open square, and full triangle up correspond
to the estimated sensitivities for the BESIII experiment, the STCF experiment with an unpolarized beam, and the STCF
experiment with 80% polarized electron beam, respectively.

of 10
�5

� 10
�4

, which has already matched the predic-

tions of the SM. The e↵ective weak mixing angle pa-

rameter can be measured at a level of 10
�3

and further

enhanced by utilizing the precisely determined beam po-

larization in the angular analysis. This method can also

be extended to  (2S) decays for investigating the pure

strange quark hyperon ⌦ with taking into account addi-

tional form factors arising from its spin-
3
2 property.
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We study the process e+e� ! ⇤+
c ⇤̄

�
c at twelve center-of-mass energies from 4.6119 to 4.9509 GeV

using data samples collected by the BESIII detector at the BEPCII collider. The Born cross sections
and e↵ective form factors (|Ge↵|) are determined with unprecedented precision after combining the
single and double-tag methods based on the decay process ⇤+

c ! pK�⇡+. Flat cross sections around
4.63 GeV are obtained and no indication of the resonant structure Y (4630), as reported by Belle,
is found. In addition, no oscillatory behavior is discerned in the |Ge↵| energy-dependence of ⇤+

c ,
in contrast to what is seen for the proton and neutron cases. Analyzing the cross section together
with the polar-angle distribution of the ⇤+

c baryon at each energy point, the moduli of electric
and magnetic form factors (|GE | and |GM |) are extracted and separated. For the first time, the
energy-dependence of the form factor ratio |GE/GM | is observed, which can be well described by

6

their weighted averages are consistent with the values
obtained with the two simultaneous 2D fits.

From the DT analysis, the total DT yield is determined
to be NDT = 1007±32. Accordingly, the individual cross
sections at each c.m. energy are determined with Eq. (3),
which are given in the Supplemental Material [54].

The systematic uncertainties on the cross-section
measurement come from reconstruction-related and
general sources. The former is mainly due to the
size of the signal MC samples, the MC modeling of
the ⇤±

c production and decay, the tracking and PID
e�ciencies of final-state particles, and the DT analysis.
The uncertainty of "ST arising from the limited MC
sample size, which varies from 0.1% to 0.2% for di↵erent
c.m. energies, is taken as the systematic uncertainty.
At higher energies, ⇤±

c is usually produced with higher
momentum, therefore the rest frame of its decay products
is highly boosted. Since the detection e�ciency of ⇤±

c
with small scattering angle decreases due to the limited
acceptance at the edge of the detector, the uncertainty
of the polar-angle distribution input into kkmc propa-
gates into "ST and "DT, and thereby the cross section.
These systematic uncertainties are estimated to be less
than 0.6%. The MC modeling of the signal mode is
validated by extensive comparisons between data and
MC simulation, and is considered to have a negligible
contribution to the systematic uncertainty. Although the
DT procedure is intrinsically robust against systematic
bias, there is still a residual uncertainty associated with
the tracking and PID e�ciencies. Studies based on the
control samples of J/ ! pp̄⇡+⇡� and J/ ! K0

SK
±⇡⌥

decays, are used to correct "ST and "DT, and re-evaluate
the cross sections. The observed relative di↵erences in �+
and ��, which are less than 0.4% and 0.1%, respectively,
are taken as the systematic uncertainties.

The systematic uncertainty associated with the DT
analysis has three components: (i) the statistical uncer-
tainty of NDT which is determined to be 3.2% from
the 2D simultaneous fit; (ii) the description of the
background component in the simultaneous 2D fit, for
which two alternative background functions are tested;
(iii) the uncertainties of N⌥,n

ST , "⌥,n
ST , and "nDT appearing

in Eq. (3). The total uncertainty on the cross section
from these sources is 3.3%, which is less than the 5.1%
uncertainties on B± according to PDG [43]. This is the
reason we implement the DT approach in this analysis.

The systematic uncertainties on the cross section
associated with the �E and MBC requirements are negli-
gible since the signal MC sample reproduces the data
well. Moreover, the fit model of MBC in the ST analysis
does not introduce any significant systematic uncertainty.

The general sources that contribute to the systematic
uncertainties on the cross section arise from the evalu-
ations of fISR, fVP, and Lint. By using di↵erent calcu-
lation algorithms, inputting alternative cross section line-
shapes in the kkmc generator, and considering the uncer-
tainties of the c.m. energy [42] and energy spread [48],
the total uncertainty of fISR is estimated to be 2.3%

at
p
s = 4.7397 GeV and lower than 1.0% at all other

energy points. The uncertainty on fVP is assigned to be
0.5% [56] and that of Lint is about 0.5% [42] at all the
c.m. energies.
All the systematic uncertainties of �+ and �� are

correlated at the same c.m. energy, except for those
arising from the statistical uncertainties of NST, "ST, and
"DT. Furthermore, the systematic uncertainties from the
DT analysis, fVP, and Lint, obtained at di↵erent energy
points, are correlated. Details of these systematic uncer-
tainties are tabulated in Ref. [54].
At each c.m. energy, the average cross section is

determined with the method described in Ref. [32, 57].
The results are presented in Table I. Figure 2 illustrates
the comparison of the e+e� ! ⇤+

c ⇤̄
�
c cross sections

measured in this study, and by Belle [26]. Also shown
are the results of the previous BESIII measurements [32],
which have been re-evaluated using the updated variables
required in Eq. (3) [54]. In our data, the near threshold
cross-section plateau is confirmed up to 4.66 GeV and no
resonance structure is observed around 4.63 GeV.
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FIG. 2. Comparison of the cross sections of the e+e� !
⇤+

c ⇤̄
�
c process, where the red dots denote the results of this

study and the green open squares indicate those of Belle [26].
The results of the previous BESIII measurement [32] are also
updated and shown as red open dots.

The e↵ective ⇤+
c form factor is calculated from the

average cross section � as

|Ge↵| =
r

�
�0
3

�
1 + 

2

� , (4)

where �0 = 4⇡↵2�C/s, C is the Coulomb factor [32],
� =

p
1� ,  = 4m2c4/s, and m is the known mass of

the ⇤+
c baryon [43]. Table I lists the calculated |Ge↵|

above 4.6 GeV while those near threshold are given
in Ref. [54]. The three-pole model [21] is used to fit
the |Ge↵| distribution, where an oscillatory behavior is
expected in the residuals between data and the fitted
model. However, neither the model nor its variants [20]
can describe the |Ge↵| distribution. In addition, there
is no discernible oscillation feature in the residual distri-
bution [54].
To precisely determine the |GE/GM | value for ⇤+

c
production at a given c.m. energy, the Born polar-angle
distribution of ⇤+

c production is studied [58] using the

Cross-section measurements of +e- —-> ΛcΛcbar are  done by BESIII



Conclusions
• The Λc MDM measurement requires the Λc polarisation determination. 
• LHCb has performed a full amplitude analysis including a large 

number of intermediate resonances. 
• To obtain a higher precision in polarisation measurement, the model 

dependence of the amplitude analysis must be reduced. 
• I introduced the idea of the model independent analysis using the e+e- 

data, that can potentially remove the model uncertainties.


