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• The GlueX experiment is located in Hall-D at Jefferson Lab in 
Newport News, VA 

• 12 GeV electron beam is converted into polarized photons via 
diamond radiator 

• Photon beam hits proton target ( ) and hadronizes 

• Resonances propagate and decay 

• Decay products are detected

LH2

What is GlueX?
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• The GlueX experiment is located in Hall-D at Jefferson Lab in 
Newport News, VA 

• 12 GeV electron beam is converted into polarized photons via 
diamond radiator 

• Photon beam hits proton target ( ) and hadronizes, 
producing mesons, baryons, and possibly non-  hadrons

LH2
qq̄

What is GlueX?
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•  particles and their longer-lived partner  are the weak 
eigenstates of the neutral kaon system 

• They decay via the weak force to  (70%) or  (30%)

K0
S K0

L

π+π− π0π0

Introduction to KSKS
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•  particles and their longer-lived partner  are the weak 
eigenstates of the neutral kaon system 

• They decay via the weak force to  (70%) or  (30%) 

• We are interested in 

K0
S K0

L

π+π− π0π0

γp → Xp → KSKS p
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Introduction to KSKS
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•  particles and their longer-lived partner  are the weak 
eigenstates of the neutral kaon system 

• They decay via the weak force to  (70%) or  (30%) 

• We are interested in 

K0
S K0

L

π+π− π0π0

γp → Xp → KSKS p

Introduction to KSKS



• We want to determine the intermediate resonance  

•  must have 

X → KSKS

X JPC = (0,2,...)++

Resonances in KSKS
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f2(1270) f′ 2(1525) f2(1810) f2(1950)

a2(1320) a2(1700)

f0(500)

a0(980) a0(1450)

f0(980) f0(1370) f0(1500) f0(1710)

(too light to decay to )KSKS

0++

2++

Introduction to KSKS



•  states overlap with the 
lightest scalar glueball ( ) 

• Including the , there 
are too many  states with 
respect to  states 

• Possible explanations include 
glueball mixing and even light 
tetraquarks

f0
0++

f0(500)
f0

a0
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f0(980)

f0(1370)

f0(1500)

f0(1710)

Quenched LQCD Glueball Spectrum

Morningstar, C. J. and Peardon, M. Glueball 
spectrum from an anisotropic lattice study, 

Phys. Rev. D 60, 034509 (1999)

Introduction to KSKS

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.60.034509


• This channel has been 
studied in some other 
experiments, most 
recently by BESIII 

• Their result will look 
different from ours 
because they were 
looking at  radiative 
decays rather than 
photoproduction

J/ψ
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Introduction to KSKS

Recent result from BESIII ( )J/ψ → γKSKS

M. Ablikim et al. (BESIII Collaboration). Amplitude analysis of the  
system produced in radiative  decays, Phys. Rev. D 98, 072003 (2018)

KSKS
J/ψ

https://doi.org/10.1103/PhysRevD.98.072003


• BESIII has recently 
published evidence that 
the  is the 
pseudoscalar glueball 
( ) using 

 

• Doesn’t show up in this 
channel (wrong parity, 
too heavy to produce 
many anyway)

X(2370)

0−+

J/ψ → γKSKSη′ 
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Introduction to KSKS

M. Ablikim et al. (BESIII Collaboration). Determination of Spin-Parity 
Quantum Numbers of  as  from , Phys. Rev. Lett. 

132, 181901 (2024)
X(2370) 0−+ J/ψ → γK0

S K0
S η′ 

decay length of K0
S candidate, i.e., the distance between the

average position of the eþe− collisions and the decay vertex
of K0

S, is required to be greater than twice the vertex
resolution. With these selections, the miscombination ofK0

S
reconstruction is significantly suppressed to be less than
0.1%. The reconstructed K0

S candidates are used as an input
for the subsequent kinematic fit.
Photon candidates are identified using showers in the

electromagnetic calorimeter (EMC). The deposited energy
of each shower are required to have at least 100 MeV in the
barrel region (j cos θj < 0.80) and the end cap region
(0.86 < j cos θj < 0.92). To exclude showers from charged
tracks, the angle between the shower position and the
charged tracks extrapolated to the EMC must be greater
than 10°. The difference between the EMC time and the
event start time is required to be within [0, 700] ns in order
to suppress electronic noise and energy deposits unrelated
to the event.
For the J=ψ → γK0

SK
0
Sη

0, η0 → γπþπ− channel, each
candidate event is required to have at least three positively
charged tracks, at least three negatively charged tracks and
two photons. A four-constraint (4C) kinematic fit under the
J=ψ → γγK0

SK
0
Sπ

þπ− hypothesis is performed by enforc-
ing energy-momentum conservation. If there is more than
one γγK0

SK
0
Sπ

þπ− combination, the one with the smallest
χ24C is chosen. The resulting χ24C is required to be less than
40. The η0 candidates are required to have the invariant
mass satisfying jMγπþπ− −mη0 j < 15 MeV=c2, where mη0

is the known mass of η0 [26]. If there is more than
one γπþπ− combination, the one with the minimum
jMγπþπ− −mη0 j is selected. The πþπ− (from η0) invariant
mass is required to be in the ρ mass region, 0.55 <
Mπþπ− < 0.90 GeV=c2. To suppress background events
containing a π0 or η, events with jMγγ −mπ0 j <
20 MeV=c2 or jMγγ −mηj < 30 MeV=c2 are rejected,
where mπ0 and mη are the known masses of π0 and η,
respectively [26].
For the J=ψ → γK0

SK
0
Sη

0, η0 → πþπ−η, η → γγ channel,
each candidate event is required to have at least three
positively charged tracks, at least three negatively charged
tracks and three photons. A 4C kinematic fit is performed
under the J=ψ → γγγK0

SK
0
Sπ

þπ− hypothesis and the com-
bination with the smallest χ24C is chosen if more than one
combination is found. In order to reduce background and to
improve the mass resolution, a five-constraint (5C) kin-
ematic fit is performed to further constrain the invariant
mass of the two photons to mη. Among three γγ combina-
tions, the one with the smallest χ25C is chosen, and χ25C < 50
is required. The η0 candidates must satisfy jMπþπ−η −mη0 j <
10 MeV=c2. To suppress background events containing a
π0, events with jMγγ −mπ0 j < 20 MeV=c2 are rejected,
where the photon pairs are all possible combinations of
the radiative photon and photons from η.

All the above selection criteria aim to improve the signal
extraction efficiency and signal-to-noise ratio. The mass
windows for peaking signals of K0

S and η0 correspond to
approximately 3 standard deviations to their respective
known masses [26]. Others are determined by optimizing
the figure of merit (FOM) ϵS=

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
, where ϵS is signal

efficiency with simulation MC sample, andNdata is the final
selected event number in data. With above criteria, the
event numbers of final selected candidates are 4046 and
1395 for the η0 → γπþπ− channel and the η0 → πþπ−η
channel, respectively.
No significant peaking background contribution has

been found in the measured invariant mass spectra. The
remaining background component is from non-η0 proc-
esses, which are estimated from the η0 mass sideband
regions of 20 < jMγπþπ− −mη0 j < 30 MeV=c2 and 30 <
jMπþπ−η −mη0 j < 40 MeV=c2. The corresponding back-
ground fractions are 6.8% and 1.8% for the two channels,
respectively.
Figure 1 shows the mass distributions with the above

selection criteria for the η0 → γπþπ− and η0 → πþπ−η
channels. Similar structures are observed in the two
channels. The two-dimensional distributions of MK0

SK
0
S

versus MK0
SK

0
Sη

0 indicate a strong enhancement near the
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FIG. 1. Invariant mass distributions of the selected events: (a)
and (b) The two-dimensional distributions of MK0

SK
0
S
versus

MK0
SK

0
Sη

0 for the η0 → γπþπ− and η0 → πþπ−η channels, respec-
tively. (c) and (d) The K0

SK
0
Sη

0 invariant mass distributions
with the requirement MK0

SK
0
S
< 1.1 GeV=c2 for η0 → γπþπ−

and η0 → πþπ−η channels, respectively. The dots with error bars
are data. The shaded histograms are the non-η0 backgrounds
estimated by the η0 sideband. The solid lines are phase space
(PHSP) MC events with arbitrary normalization.

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

181901-2

Determination of Spin-Parity Quantum Numbers of Xð2370Þ as 0
− + from J=ψ → γK0

SK
0
Sη

0

M. Ablikim et al.
*

(BESIII Collaboration)

(Received 8 December 2023; revised 5 March 2024; accepted 28 March 2024; published 2 May 2024)

Based on ð10087# 44Þ × 106 J=ψ events collected with the BESIII detector, a partial wave analysis

of the decay J=ψ → γK0
SK

0
Sη

0 is performed. The mass and width of the Xð2370Þ are measured to be

2395# 11ðstatÞþ26
−94ðsystÞ MeV=c2 and 188þ

18
−17ðstatÞ

þ124
−33 ðsystÞ MeV, respectively. The corresponding

product branching fraction is B½J=ψ → γXð2370Þ& × B½Xð2370Þ → f0ð980Þη
0& × B½f0ð980Þ → K0

SK
0
S& ¼

ð1.31# 0.22ðstatÞþ2.85
−0.84ðsystÞÞ × 10−5. The statistical signif

icance of the Xð2370Þ is great
er than 11.7σ and

the spin parity is determined to be 0
−þ for the first time. The measured mass and spin parity of the X

ð2370Þ

are consistent with the predictions of the lightest pseudoscalar glue
ball.

DOI: 10.1103/PhysRevLe
tt.132.181901

The non-Abelian property of quantum chromodynamics

(QCD) permits the existence of new types of hadrons, such

as glueballs, hybrids, and multiquark states, which are

beyond conventional mesons and baryons in the c
onstituent

quark model [1–3]. In particular, the glueball is a unique

particle formed via the interaction among gauge boson

particles. Lattice quantum chromodynamics (LQCD) pre-

dicts that the ground state of a pseudoscalar glu
eball has a

mass around 2.3–2.6 GeV=c2 [4–8]. The radiative de
cay of

the J=ψ meson is a gluon-rich process and is therefore

regarded as an ideal place for searching and studying

glueballs [9,10].
A πþπ−η0 resonance, the Xð2370Þ, was observed in

J=ψ → γπþπ−η0 with a statistical significance g
reater than

6.4σ in the BESIII experiment [11]. It was further obs
erved

from the combined measurement of J=ψ → γKþK−η0 and

J=ψ → γK0
SK

0
Sη

0 with a statistical significance of 8.3σ by

BESIII [12]. This experimental observation stimulated a

number of theoretical specula
tions [13–17] for its nature.

Among them, one of the intriguing explanations is a

pseudoscalar glueball [8,1
8–20]. A high-statistics J=ψ data

sample collected with BESIII provides an opportunity to

further investigate the pro
perties of the Xð2370Þ and helps

to understand the dynamics of QCD.

To understand the nature of the Xð2370Þ, it is crucial

to measure its quantum numbers JPC and the decay modes.

In contrast to J=ψ → γKþK−η0, there is no background

contamination for J=ψ → γK0
SK

0
Sη

0 from J=ψ → π0K0
SK

0
Sη

0

and J=ψ → K0
SK

0
Sη

0, which are forbidden by exchange

symmetry and CP conservation. Therefore, the J=ψ →

γK0
SK

0
Sη

0 decay provides a clean environment for its JPC

measurement with minimal background modeling uncer-

tainties. In this Letter, we report the first spin-parity

determination of the Xð2370Þ in the decay J=ψ →

γK0
SK

0
Sη

0, where the K
0
S decays to πþπ− and the η0 decays

to the two most dominant channels η
0 → γπþπ− and η0 →

ηπþπ−ðη → γγÞ. The analysis is based on ð10087# 44Þ ×

106 J=ψ events [21] collected in the BESIII detector [22].

A detailed description of the design and performance of

the BESIII detector can be found in Ref. [22]. Simulated

samples produced with a GEANT4-based [23] Monte Carlo

(MC) package, which includes the geometric description

of the BESIII detector [24] and
the detector response, are

used for the optimization of event selection criteria and

detection efficiency determination. Signal MC samples for

the process J=ψ → γK0
SK

0
Sη

0 with the subsequent decays

K0
S → πþπ−, η0 → πþπ−η, and η → γγ are generated uni-

formly in phase space. A special generator takes ρ − ω

interference and box anomaly into account [25] in the

process of η
0 → γπþπ−.

Charged tracks reconstructed from the multilayer drift

chamber (MDC) are required to be within the polar angle

range j cos θj < 0.93, where θ is defined with respect to

the z axis, which is the symmetry axis of the MDC. The

distance of closest approach to the interaction point for

charged tracks (excluding those from K0
S decays) must be

less than 10 cm along the z axis and less than 1 cm in the

transverse plane. All charged tracks are assumed to be

pions. To reconstruct K
0
S candidates, the tracks of each

πþπ− pair are fitted to a secondary vertex. To suppress

background events, all K
0
S candidates a

re required to satisfy

jMπþπ− −mK0
S
j < 9 MeV=c2, where mK0

S
is the known

mass of K0
S [26]. To further suppress background, the

*Full author list given at the end of the Letter.
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Event Reconstruction
• Kinematic fit of kaon masses, 

decay vertices, and four-
momenta in exclusive 
reconstruction with tight 
constraint on  

• Select photons in the most 
polarized energy range 

• Select protons with a z-vertex 
inside the GlueX target 

•  is a weak decay, 
so we can distinguish it from 
non-strange production 
using the kaon lifetime

χ2
ν

KS → π+π−

12

γp → KSKS p weak π+π−π+π−p

γp
strong

π+π−π+π−p

Signal Channel

Non-Strange Background



• Model both signal and 
non-strange background, 
in Monte Carlo 

• Using the sPlot formalism, 
we can assign weights to 
each event based on the 
probability of the pions 
coming from a  or from 
some non-strange 
production

KS

13

Monte Carlo simulations of signal and non-strange background

Event Reconstruction



• Model both signal and 
non-strange background, 
in Monte Carlo 

• Use sPlot to assign 
weights to each event 
based on the probability 
of the pions coming from 
a  or from some non-
strange production

KS

14

Fit of signal and background distributions to data

M. Pivk & F. Le Diberder. sPlot: A statistical tool 
to unfold data distributions, NIM A, 555 1-2, 

p.356-369 (2005)

(Not acceptance corrected)

Event Reconstruction

https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106


• After all selections/cuts 
with sPlot weights 

• Most peaks correspond to 
more than one expected 
resonance 

• With this channel alone, 
we can separate different 
spin states (but not 
isospin)

15

Event Reconstruction



• After all selections/cuts 
with sPlot weights 

• Most peaks correspond to 
more than one expected 
resonance 

• With this channel alone, 
we can separate different 
spin states (but not 
isospin)

16

 f0(980)
a0(980)

 f2(1270)
a2(1320)

 f0(1500)
f′ 2(1525) f0(1710)

(Some of the most likely narrow resonances)

Event Reconstruction



Partial-Wave Analysis

17

Main Idea: 

Fit the decay angles 
of  to 
spherical harmonics 
to separate spin-0 
and spin-2 
resonances

X → KSKS

Note: not acceptance corrected

Note: Helicity angles 
are measured in the 

rest frame of the 
resonance—the z-axis 
is the boost direction
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S0

D0

D1

D2

D-wave-like structures visually appear to be D2

For now, we will use this wave as the dominant spin-2 
signal, although this maybe be adjusted in the future

Partial-Wave Analysis



Choice of Wave Set
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S0

0++ 2++JPC

[ℓ]m D2

Types of Fits

Mass-Independent Bin by mass and fit each bin 
independently (no mass model)

Mass-Dependent Model mass with K-matrix 
amplitude and fit all data together



Mass-Independent Fit
• With a linearly polarized beam, we can write amplitudes in the reflectivity basis, 

 (positive reflectivity means natural parity exchange in -channel here) 

•  and  are complex free parameters in the fit 

•

ε = −1 or +1 t

[ℓ](+)
m [ℓ](−)

m

Ω = {cos(θ), ϕ}

20

I(Ω, Φ) ∝ (1−Pγ) ∑
ℓ,m

[ℓ](−)
m ℜ[Zm

ℓ (Ω, Φ)]

2

+ (1−Pγ) ∑
ℓ,m

[ℓ](+)
m ℑ[Zm

ℓ (Ω, Φ)]

2

+

(1+Pγ) ∑
ℓ,m

[ℓ](+)
m ℜ[Zm

ℓ (Ω, Φ)]

2

+ (1+Pγ) ∑
ℓ,m

[ℓ](−)
m ℑ[Zm

ℓ (Ω, Φ)]

2

Zm
ℓ (Ω, Φ) ≡ Ym

ℓ (Ω)e−ıΦ V. Mathieu et al. Moments of angular distribution 
and beam asymmetries in  photoproduction at 

GlueX, Phys Rev D 100, 054017 (2019) 
ηπ0

γ

p p

X
KS

KS

t

ℙ, π, ρ, ω, . . .

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.054017


Mass-Dependent Fit

• Fix most free parameters (including entire 
K-matrix) to results from Kopf et al. 

• Resonances 

• Blatt-Weisskopf barrier factors 

• Final-state couplings 

• Resonance mass 

• Backgrounds in K-matrix 

• Chew-Mandelstam function (matrix) 

• Fit the coupling to  

• Photocoupling (complex)

α →

B →

g →

mα →

c →

C →

pγ

βα →

The K-Matrix Amplitude

21

K-Matrix Parameterization

Kij(m) = ∑
α

Bi,α (
gi,αgj,α

m2
α − m2

+ cij) Bj,α

Pj(m) = ∑
α (

βαgj,α

m2
α − m2 ) Bj,α

F(m) = (1 + K(m)C(m))−1 ⋅ P(m)
Kopf, B., Albrecht, M., Koch, H. et al. Investigation 

of the lightest hybrid meson candidate with a 
coupled-channel analysis of -, -, and -Data, 

Eur. Phys. J. C81, 1056 (2021)
p̄p π−p ππ

https://doi.org/10.1140/epjc/s10052-021-09821-2


Mass-Dependent Fit
The K-Matrix Amplitude + Zm

ℓ

22

F(ϵ)
Iℓ ( ⃗β, m) ≡ (1 + KIℓ(m)CIℓ(m))−1 ⋅ PIℓ( ⃗β(ϵ)

Iℓ , m)

Zm
ℓ (Ω, Φ) ≡ Ym

ℓ (Ω)e−ıΦ

I(Ω, m, Φ) ∝ (1+Pγ) (F(+)
f0

( ⃗βf (+)
0

, m) + F(+)
a0

( ⃗βa (+)
0

, m)) ℜ[Z0
0(Ω, Φ)]

(1−Pγ) (F(+)
f0

( ⃗βf (+)
0

, m) + F(+)
a0

( ⃗βa (+)
0

, m)) ℑ[Z0
0(Ω, Φ)]

+(F(+)
f2

( ⃗βf (+)
2

, m) + F(+)
a2

( ⃗βa (+)
2

, m)) ℜ[Z2
2(Ω, Φ)]

2

+

+(F(+)
f2

( ⃗βf (+)
2

, m) + F(+)
a2

( ⃗βa (+)
2

, m)) ℑ[Z2
2(Ω, Φ)]

2



Fits with Positive Reflectivity Only
• Sub-waves ( , , , and ) are summed up into S/D-waves 

• Binned fits appear to match K-matrix very well (binned results are bootstrapped for better error bars) 

• Can we include negative reflectivity?

f0 f2 a0 a2

23



Choice of Wave Set

24

S+
0

0++ 2++JPC

[ℓ](+)
m D+

2
[ℓ](−)

m S−
0



Mass-Dependent Fit with Both Reflectivities
The K-Matrix Amplitude + Zm

ℓ

25

F(ϵ)
Iℓ ( ⃗β, m) ≡ (1 + KIℓ(m)CIℓ(m))−1 ⋅ PIℓ( ⃗β(ϵ)

Iℓ , m)

Zm
ℓ (Ω, Φ) ≡ Ym

ℓ (Ω)e−ıΦ

I(Ω, m, Φ) ∝ (1−Pγ) ∑
ℓ,m

(F(−)
f0

( ⃗βf (−)
0

, m) + F(−)
a0

( ⃗βa (−)
0

, m)) ℜ[Z0
0(Ω, Φ)]

2

+

(1+Pγ) (F(+)
f0

( ⃗βf (+)
0

, m) + F(+)
a0

( ⃗βa (+)
0

, m)) ℜ[Z0
0(Ω, Φ)] + (F(+)

f2
( ⃗βf (+)

2
, m) + F(+)

a2
( ⃗βa (+)

2
, m)) ℜ[Z2

2(Ω, Φ)]
2

+

(1+Pγ) ∑
ℓ,m

(F(−)
f0

( ⃗βf (−)
0

, m) + F(−)
a0

( ⃗βa (−)
0

, m)) ℑ[Z0
0(Ω, Φ)]

2

+

(1−Pγ) (F(+)
f0

( ⃗βf (+)
0

, m) + F(+)
a0

( ⃗βa (+)
0

, m)) ℑ[Z0
0(Ω, Φ)] + (F(+)

f2
( ⃗βf (+)

2
, m) + F(+)

a2
( ⃗βa (+)

2
, m)) ℑ[Z2

2(Ω, Φ)]
2



Fits with Both Reflectivities
• To add a negative-reflectivity S-wave, we have to add 11 new free parameters to 

the fit, 7 from the  K-matrix and 4 from the  K-matrix 

• Can we do even more?

f0 a0

26



Fit Results Binned by t
• Let’s examine the Mandelstam-  dependence 

• First, let’s look at 

t

−t < 0.5 GeV2

27



Fit Results Binned by t
• Next, let’s look at  

• A bit chaotic, but it actually still seems to match up nicely

−t > 0.5 GeV2

28



• We have presented the latest data from all current GlueX analysis runs (2017-2020) — More 
data is being collected! 

• A mass-independent partial-wave analysis shows the preliminary separation of spin-0 and spin-2 
resonances in this channel 

• Strong indication of  and  

• A mass-dependent partial-wave analysis using a K-matrix parameterization shows similar results 

• We can further divide both of these fits using the reflectivity basis and study Mandelstam 
-dependence 

• Next Steps: 

• We know there could (and should) be other D-wave projections in this channel, so we want to 
try increasing the number of waves to accommodate results from other GlueX channels 

• A coupled channel analysis with , , , , and  could isolate  states in 
photoproduction

f2(1270)/a2(1320) f′ 2(1525)

t

ππ πη πη′ ηη ηη′ f0

Closing Remarks
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Thank you, GlueX Collaboration! 
http://www.gluex.org/thanks.html

(Currently under investigation at GlueX)



Backup



S0

D0

D1

D2

Partial-Wave Analysis

• Looking at the decay 
angles in the helicity 
frame, we should be able 
to distinguish spin: 

• , — flat in  

• , — not flat in 

f0 a0 cos(θ)

f2 a2
cos(θ)
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Projections of  Spherical HarmonicsY m
ℓ

Note: Helicity angles are measured in the 
rest frame of the resonance—the z-axis is 

the boost direction



Finer-binned K-Matrix for −t < 0.5
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Finer-binned K-Matrix for −t > 0.5
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