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* The GlueX experiment is located in Hall-D at Jefferson Lab in

Newport News, VA
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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 (LH,) and hadronizes,
producing mesons, baryons, and possibly non-gg hadrons

e, /4

Baryons

Tetraquarks

Pentaquarks

Glueballs



Introduction to K¢Kg

/

‘ Kg particles and their longer-lived partner Kg are the weak
eigenstates of the neutral kaon system




Introduction to K¢Kg
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Introduction to K¢Kg

/

° Kg particles and their longer-lived partner KB are the weak
eigenstates of the neutral kaon system

l * They decay via the weak force to zt 7z~ (70%) or z°z" (30%)

* We are interested inyp — Xp — KK¢p




Introduction to K¢Kg

Resonances 1n KK

/

* We want to determine the intermediate resonance X — KoK

* X must have JF¢ = 0,2,..)7"

a,(1320) N a,(1700)
8




Introduction to K¢Kg
- fo states overlap with the

lightest scalar glueball (0T) 12 o m—
* Including the f,(500), there e e ——
37 —
are t0o many f, states with o | e, |
respect to a; states |°s
£ 6 S
* Possible explanations include | ~ |5€

glueball mixing and even light 4 1
tetraquarks

Morningstar, C. J. and Peardon, M. Glueball 0

spectrum from an anisotropic lattice study,

Phys. Rev. D 60, 034509 (1999)



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

Introduction to K¢Kg

Z@ ° This channel has been = @
. o 6000 [ @
studied in some other > ook ibin=1.45
experiments, most g 4000 +Data
recently by BESIII < so00f-
* Their result will look g 20001
different from ours " 1000F"
=
b clause th ey WHEINE S g ;’f*”r ++L.*+ t +++h +.++* #’rh' ++++++H++H ji't{ hw, Jh“ﬂw{t ++H*+u+ A
looking at J/y radiative = 2t HTPHTETOM A T 1Y

1 12 14 16 18 2 22 24 26 28 3

decays rather than Mass(K_K.) [GeV/c?]

photoproduction

Recent result from BESIII (J/y — yK(Ky)

M. Ablikim et al. (BESIII Collaboration). Amplitude analysis of the K(Kj
system produced in radiative J/y decays, Phys. Rev. D 98, 072003 (2018)
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https://doi.org/10.1103/PhysRevD.98.072003

Introduction to K¢Kg = =
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* BESIII has recently o

=t

PU blished evidence that L e s 1 020 X

Determination of Spin-Parity Quantum Numbers of X(2370) as 0+ fromJ/y — yK3KS

[] .
l | I e 8 M. Ablikim ef al. 4
| f (BESII Collaboration)

® (Rece\\cd 8 December 2023; revised 5 March 2024; accepted 28 March 2024 pubh.\hcd 2 May 2024)

Based on (10087 & 44) x 10° J/y events collected with the BESIII detector, @ partial wave analysis
7y — rKOKS i performed. The mass and widh of the X(2370) are measured © be 2

of the decay
2305 & 11(stat) 735 (syst) MeV/c* and 188718 (stat) 3 (syst) MeV, respectively. The corresponding

|: S e U d O ; ( a | a | product branching fraction is By — yX(Z}70]]xB"X(Z?ﬂ())—»]‘,{‘)&l))u’,XBU}\(‘)BO] o KOKY) =
31 0.22(stat) 285 (sys)) x 1077 The atistical significance of the X(2370) is greater than 11.7¢ and
{he spin parity is determined to be 07 for the first time. The measured mass and spin parity of the X(2370)
O
L]

ate consistent with the predictions of the Jightest pseudoscalar glueball.

DOI: 10.1103/PhysReviett132 181901

The non-Abelian property of quantum chromodynamics  and Iy — KSKS's which are forbidden by exchan
(QCD) permits the existence of new Lypes of hadrons, such symmetry and CP conservation. Therefore, the Iy
as glueballs, hybrids, and multiquark  states, which are  yK$K%y decay provides a clean environment for its

are observed in the two

beyond conventional mesons and huryonsinthevcona\il%\cm imeasurement With minimal background modeling uncer-
quark model 1]73!. In particular, the glueball is a unique {ainties. In this Letter, we report the first spin-parity
particle formed via the interaction among gauge boson determination of the X(2370) in the decay J/w —
particles. Lattice quantum chromodynamics (LQCD) pre-  yK3KS, where the K decays to 27 and the if decays

al distributions of M goxo

ong enhancement near the

2.6 GeV /¢ [4-81. The radiative decay of gt (= 1) The analysi

dicts that the ground state of a pseudoscalar glueball has 2 o the two most dominant channels i -y and 1 — Rasgtascen w©
is based on (10087 £ 44) x ob Data 70
[21] collected in the BESIII detector 22 ) J60

a gluon-rich process

Jwv — /
l// }/K S K Si/] g

* Doesn't show up in this

regarded as an ideal place for searching and studying

glueballs 19,101

A mtay resonance, the X(2370), was observed in
i

Jjy =y a7 with a statistical significance greater than
6.40 in the BESIII experiment [11]. Tt was further observed
from the combined measurement of J/y = yK+K and
Iy = 7KK with a statistical significance of 8.30 by
BESIII [12]. This experimental observation stimulated a
number of theoretical specula\(iom 113-17] for its nature.
Among them, one of the intriguing explanations is a
pseudoscalar glueball [8,18-20]. A high-statistics //v/ data
sample collected with BESIII provides an opportunity t©
further investigate the properties of the X(2370) and helps

and is therefore 106 J/y even

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 BESIIT 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/w = 7KKy with the subsequent decays
Ky—n'ns o — atan, and =77 are generated uni-
formly in phase space. A special generator takes p — @
interference and box anomaly into account [25] in the

process of 1 = ynta.
Charged tracks reconstructed from the multilayer drift

- 10
227242628 3
My, (GeV/c?)

norTn

8 k-1 there acke 1 ~e A
In contrast (0 ,J/V’ - 7K Kn KK }hu“ Is no b‘“’r*?u‘:‘d, distance of closest approach to the interaction point for
contamination for J/y = yKOKn' from Iy — KK o

C | I a -
to understand the dynamics of QCD. PR uire s e
\N r O I I e nderstand the natre of the X(2370). it s erucia | Champer (MDO) “'“%‘5“,““?‘1 to be within the polar angle [
{0 measure its quantum numbers J°€ and the deca modes range |cos6] < 0:93. W herc 0 is defined with respect 10 39354 26 253
/ sure 1ts qué 5 ay e axis, which s the symmetry axis of the MDC. The Mo, GoVIcE
cluding those from K9 decays) must be of the selected events: (a)
less than 10 cm along the z axis and less than 1 cm in the wtions of Myogo versus

| I e a , ransverse plane. All charged tracks are ass med to be ™y channels, respec
tO | Fall author list given at the end of the Letier transverse plane harged [Tt re assufml b P channels, respec-

pions. To reconstruct K¢ candidates. the tracks of each wriant mass distributions

o+ pair are fitted to @ secondary vertex. To suppress eV/c for o — yrta

Published by the American Physical Society under the terms of

the Creative Commons Airibution 4.0 International license.  background events, all KY candidates are required to satisfy The dots with error bars

Fuurther distribution of this work must mainiain artribution 10 (M, - — o] 0 MeV/c, where Mg is the known the non-y’ bé!t‘kgrmu; ds

The author(s) and the published article’s title, jowrnal citation, s 3 id lines are ph

o' DOI. Funded by SCOAP" mass of KO [26]. To further suppress background, the blization, T PAe
0031-0007/24/132(18)/1819010) 181901-1 Published by the American Physical Society
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.181901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.181901

2z ° Kinematic fit of kaon masses,
decay vertices, and four-
momenta in exclusive
reconstruction with tight

constraint on )(3

* Select photons in the most
polarized energy range

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

* K — 7z is a weak decay,
SO we can distinguish it from
non-strange production
using the kaon litetime

Signal Channel

yp — KsKsp weak AF A AP A

Non-Strange Background

strong . _ . _

Yp ———— T TP

12



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

5000F

4000

004 ns

3000¢

Events/ 0
N
(@)
(@)
o

13

mm Ks-nmtnm~ Monte Carlo

06.00 0.05

Non-strange m*m~ Monte Carlo

Guiy’

Preliminary

0.10 0.15 0.20
Ks Rest Frame Lifetime (ns)

Monte Carlo simulations of signal and non-strange background



= ° Model both signal and

in Monte Carlo

* Use sPlot to assign
weights to each event
based on the probability
of the pions coming from

a K¢ or from some non-
strange production

to unfold data distributions, NIM A, 555 1-2,
p.356-369 (2005)

M. Pivk & F. Le Diberder. sPlot: A statistical tool

8000r

Events / 0.004 ns

14

6000
4000~

2000r

Data from 2020 Run Period
------ Combined Fit
— Signal Component
—— Background Component

(Not acceptance corrected)

Guy’

Preliminary

Fit of signal and background distributions to data



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

Z= ° After all selections/cuts
with sPlot weights

1200-
> 10001 GLUEXWW
> 800
S Preliminary
@ 600]
-
> 400-
O
200-

1.0 1.2 1.4 1.6 1.8 2.0
m(KsKs) GeV/c?
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/

* 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
ISOsSpIN)

counts /10 MeV

(Some of the most likely narrow resonances)

N N ([ D

g
£0080) | [£(1270)| |£,(1500) 10
(4(980) | (ax(1320)f |£3(1525) Qo( ))

1200- ¢

(-
o
o
o

800
600
400-
200
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Preliminary

1.0 1.2 1.4 1.6 1.8 2.0
m(I<5K5) GeV/c2



Partial-Wave Analysis

Main ldea:

Fit the decay angles

of X = KK to
spherical harmonics
to separate spin-0
and spin-2
resonances

G

4 )

J

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

Helicity cos(6)

Bl Data (sPlot weighted)

Gu’

Preliminary

-1.099 1.2 1.4 1.6 1.8 2.0
Invariant Mass of KsKs (GeV/c?)

17
Note: not acceptance corrected



1.0
0.5
0.0
1.0
0.5
0.0
1.0
0.5

0.0

1.0
0.5
0.0

Partial-Wave Analysis

D-wave-like structures visually appear to be D,

Gui’

Preliminary

elicity cos(0)

—1.09
, ] .0 1.2 1.4 1.6 1.8 2.0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 c]c-).s(zg) Invariant Mass of K<Ks (GeV/c2)

For now, we will use this wave as the dominant spin-2

signal, although this maybe be adjusted in the future

18



Choice of Wave Set
i JPC 0++ N+
[Z],, S() Dz

Bin by mass and fit each bin

Mass-Independent independently (no mass model)

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

/

Mass-Dependent

19



Mass-Independent Fit

i * With a , We can write amplitudes in the reflectivity basis,
e = — | or + 1 (positive reflectivity means natural parity exchange in t-channel here)
y K
* [#]'" and [#]" are complex free parameters in the fit \ :
* Q= {cos(0), p) a
p p
g 2 » )

IQ,®) « (1-P)| ) [ZITRIZHQ, ®)]| +(1-P)| ) [£1SIZHQ, )] | +
£,.m £m

(1+P)| Y [ZISPRIZIQ, @) | + A+P)| D [£1SIZHQ, )]
£.m £.m

V. Mathieu et al. Moments of angular distribution

Zm(Q’ ) — Ym(Q)e —1 and beam asymmetries in yz° photoproduction at
4 4 GlueX, Phys Rev D 100, 054017 (2019

20



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

Mass-Dependent Fit

The K-Matrix Amplitude

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

. 4 )
a — Resonances g g
L,adj,a
* B — Blatt-Weisskopf barrier factors Kij(m) — Z Bi,a 7 7 + Cij Bj,a
- ms — m
* g — Final-state couplings \_ J
* m, — Resonance mass e ™
* ¢ — Backgrounds in K-matrix P.(m) = Z ﬂagj,a B
. . J m) = 2 0 ],
* C — Chew-Mandelstam function (matrix) o mg —m
| | \_ J
* Fit the coupling to py
* p, — Photocoupling (complex) g R
— —1
Fm)={1+ K(m)C(m))~" - P(m)
Kopf, B., Albrecht, M., Koch, H. et al. Investigation g )

of the lightest hybrid meson candidate with a

coupled-channel analysis of pp-, z7p-, and zz-Data,

Eur. Phys. J. C81, 1056 (2021) K-Matrix Parameterization

21



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

Mass-Dependent Fit

The K-Matrix Amplitude + Z/'

/

~ N
I(Q,m,®) x (1+P) F<+>(ﬁ< m)+F<+>(ﬁ [ZX(Q,

~

2

(1- )‘

(7
+(F<+>(ﬁ< )+ FSD(,om) ) RIZHQ,
(¢

(7

) R

)
FOum) + F (0 m) ) SIZYQ,

)

+ F<+>(ﬁ< Y m)+F(+)([)’ ), 1) S[Z3(Q,

FOB.m) = (1 + K, m)Cym)) ™ - Pi(B,m) |
ZP(Q,0) = YI(Qe

22
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Fits with Positive Reflectivity Only

* Sub-waves (fy, f5, ay and a,) 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?

S Wave D> Wave

[ Data _— [ Data
“+ Total Fit (Z/" + K-matrix) s " Total Fit (Z/" + K-matrix)
s (Z + K-matrix) DY) (Z7 + K-matrix)

s§ () D3 (Z")

Preliminary

23




Choice of Wave Set

/




Mass-Dependent Fit with Both Reflectivities

The K-Matrix Amplitude + Z/'

1Q,m, @) o< (1= )| 3 (F G m) + FBypoom) ) RIZYQ, )] | +

£.m

2

A+7)| D (EGm) + F G om) ) SIZ3(@, 01| +

£.m

2

(1+ )‘ (SO 00m) + FD, 0 ) RIZYQ, O + (FEO G m) + FDG 0om) ) RIZHQ, )] | +

2

(1— )‘ ( FO (o, m) + FSO(B 0, m)> F[20(Q, )] + < FO (B m) + FSD(B m)) S(ZX(Q, D)]
\_ J

FOB.m) = (1 + K, m)Cym)) ™ - Pi(B,m) |
ZP(Q,0) = YI(Qe

25
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Fits with Both Reflectivities

* To add a negative-reflectivity S-wave, we have to add 11 new free parameters to

7 (e fit, 7 from the fy K-matrix and 4 from the ay K-matrix

* Can we do even more?

S Wave D> Wave

[ 1 Data : . [ 1 Data

- Total Fit (Z;” + K-matrix) : . Total Fit (Z;” + K-matrix)
s (Z + K-matrix) DY) (Z7 + K-matrix)
s (Z + K-matrix) 1t b zm
5(()+) (Zm) s
Sy (zm

Preliminary




Fit Results Binned by ¢

* Let's examine the Mandelstam-f dependence

* First, let's look at —¢ < 0.5 GeV?

Vv

Counts / 25 Me

D, Wave

ookl b DY zm

[ 1 Data
0 Total Fit (Z,” + K-matrix)

DY) (ZI" + K-matrix)

Preliminary

S Wave
2500 i [ 1 Data
gk 0 Total Fit (ZJ" + K-matrix)
: S§P (Z" + K-matrix)
) OOO— S$7 (2P + K-matrix)
: tosgtzm
_ b S§7) @z
1500 o,
1000;
500;
01.0




Fit Results Binned by ¢

2 * Next, let's look at —¢ > 0.5 GeV?

* A Dit chaotic, but it actually still seems to match up nicely

S Wave D>, Wave

[ 1 Data [ 1 Data

i Total Fit (Z7" + K-matrix)

S§P (2 + K-matrix)

0 Total Fit (Z" + K-matrix)
DY) (ZI" + K-matrix)

Vv
o
o
o

s{7 (Z + K-matrix) _ } Déﬂ zm)
Y400 _
3 [} ? |
3 200! H H | _
| | il |
0To0 M * 15 G




Closing Remarks

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 f5(1270)/a,(1320) and f5(1525)

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

I-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|zz, &y, Zn'|ny, and yn' could isolate f, states in
photoproduction N

(Currently under investigation at GlueX)

1(\]43611'{(1)(:?16 GL% Thank you, GlueX Collaboration!

University http://www.gluex.org/thanks.html
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Partial-Wave Analysis

* Looking at the decay

angles in the helicity 1.0
frame, we should be able o S0
to distinguish spin: 0.0
1.0
' 0.5
* fo, ap— flatin cos(6) >
. 1.0
: ]62/ az_ n_Ot ﬂat I8 05 /\DJ/\
cos(6) 0.0
1.0
0.5 m
N e e e e e L 00_160 -0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 1.00

rest frame of the resonance—the z-axis is cos(0)

the boost direction

Projections of Y' Spherical Harmonics
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-iner-binned K-Matrix for —¢ < 0.5

600;

[ 1 Data | [ 1 Data

500}

Preliminary

e e 1 — =0
m(KsKs) GeV/c? m(KsKs) GeV/c?
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-iner-binned K-Matrix for —¢ > 0.5

150; H
125;2?5 | S ;51 ! _

100 |

~
m T T T

U

Counts / 5 MeV

N
T T |m| T

010 15
m(KsKs) GeV/c? m(KsKs) GeV/c?
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