C Adelaide

University

s

NSO N SONTNT NN

1 and 7' meson production in
charmonium radiative decays

Extending J/yr — yn'” to decays of the axial—vector charmonium £,

Mischa Batelaan

hep-lat 2607.25707]
'MB Dudek Edwards PRL 135 161904]
MB Dudek Edwards PRD 112 074505]

43rd International Symposium on Lattice Field Theory M
29 July 2026, UMD a S eC

1


https://doi.org/10.1103/tdk2-bk8w
https://doi.org/10.1103/jvpg-3ph4
https://arxiv.org/abs/2607.25707

- - - }\ f , . ; ﬂ " ,'-‘: T 7.
Charmonium radiative decays 5 FacN. 3
* The electron positron collider at BESIII has produced a large amount of charmonia ,\ % ==...;'-:-: é}({'

e ~10 billion J/y decays :

BES‘III~spectrometer N Beijing

» ~3 billion w(3686) decays

» h_.accessed through ﬂohc decay of the yw(3686)

Jly — ynn'
400 | | I | | | | | | | | I | |
e Clean, gluon-rich production

.= PWA fit projection (exclude 711)
—— PWA fit projection (baseline fit)

100

< I */dof = 1.57 i
S ‘ —e— Data j
> 300 o -
. . . 2++ -
Recently BESIII found an exotic hybrid isoscalar = A :
. . . ™ o n, -
resonance in the radiative decay J/w — ynn’ = >0 — :
c
)
>
LLI

Observation of an Isoscalar Resonance with Exotic J£¢ = 1~ Quantum Numbers in
J/ — ynn’

15 > 25

BESIII (2022) PRL 129 192002
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Charmonium radiative decays in lattice QCD

How do we calculate such decays in lattice QCD? : P

J /Y n

Challenges: y g

three-point functions: (0|0, (AH)O.,(1)[O;,,(0)]7]0)

* Disconnected diagrams (noisy!)

» Need to access both the # and #’ 1000 -
- -

« Requires distinct light and strange quarks (N, =2 + 1)

1" and h_. appear as excited states in some irreps -1 -

500
* We need optimized operators to access these states

» Mass gap is large between the mesons: m;,, — m, =~ 2.4 GeV.

. We need operators at large momenta for all mesons to access 0° = ()
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C 57 q L3 x T3 | 20 x 256
- ) chs 288
Lattice QCD tools n : N | 18
. 7 m, | 391 MeV
We need: § |39
a, | 0.12tm
Definite momentum operators 4
§=—
o : : a;
quark annihilation lines
optimized operators using a large basis
« Construct operators by coupling I in spherical basis with
derivatives:
O=ylD...Dy
 QOperators will be in irreducible representations of the cubic group
* In-flight operators will mix parities: Meson | J¥¢ | [n0O] nn0] nnn]
Al A2 E2 Al AQ Bl BQ Al A2 E2
J/w, ' | 17— | 0 1 0 1 1 0 1
he 11t~ 0 1 0 1 1 0 1
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Energy spectrum & optimized operators

* Construct matrix of two-point correlators using
a large operator basis { O}

* Diagonalize the matrix with GEVP and extract
energy levels £, by fitting the eigenvalues

* Construct optimized operators for each state
as a linear combination of the operator basis

Qf = \/2E,e” Fr10/2 N “(v,),0}

* |ndependently determine optimized operator
for each momentum value
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Optimized operators

CltAEw/

CLtAEhC
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0.475 ]
0.450
0.425
0.400

= 0.375 -
0.350
0.325

0.300 -

0.00

—0.01 -
0.0025 1

0.0000

—0.0025 -

charmonia (J/y, h_, y')

¢ = 3.56(10)
€ = 3.478(19)
he
£ = 3.5080(24)
S/
L T L . . ] QE X2/Ngof = 0.79
T X X A l % % XQ/NdOf =1.26
T T % zlx é jl: %
0 > 1 ;
n|”

Using bases of 21—35 operators for
momenta up to \n\ < 6.

0.10 -

0.08 -

0.04

0.02 1

n/

ij 0.00

-
S

—0.01 -
0.005 -

CLtAEn

0.000

determlnes the anlsotropy 5 ~ 3. 5 |

| Ilgh docalar ( 17

¢ = 3.487(35)

¢ = 3.4408(81)

0.01 -

77/
n
X T % % X?/Ngot = 1.89
Z.:\ é T ‘]:\ T
R
. 5 D 5 %  Naot =241
o 5 & g T :
0 ) 4 6 ] 10

n|*

Using bases of 32-61 operators
for momenta up to \nl <9.



C q
- - g
Three-point functions e} i
We can use the optimized operators in a three-point function: ) )
A, i 'T c !
. A
(O] QP H (At) 7% (t) (5] (0) ]0) 0.l

o]

Sink operator Source operator

) , *, — _ 27T

| | '+ Restrict momenta to . .
with all possible | canonical types up to with all possible (0,0,0)
momentum 7P<16 momentum (0,0,n)
. -2 ; - . . -2 ) )
rotations [n|" <6 , directions |n|" <4
i+ Use the O(a)-improved (0,m,n)
i vector current
Renormalization constant § (n, I, n)
i from previous work
| ePoseoeg | (0,m, n)
(m,n,n)

Use matrix element decomposition to find all non-zero operator combinations
C3 x K({A}, {u}, {P'}) - F(Q%)
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Wigner-Eckart theorem

Wigner-Eckart theorem relates each matrix elements to a

IV x AT/ - " 17
<0}97{75>}‘“'A“ jAE _fo’}‘“A“ 0) = C({p}idw (P} A1 aAypy) - C({P'}* A aA s {P}A)

Combinations of all Clebsch-Gordan coeff. reduced correlator
 allowed lattice rotations of the momenta

* rows of the irreps
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Wigner-Eckart theorem

Wigner-Eckart theorem relates each matrix elements to a

{p/}*/./\/ / . * A 17
(VR A QP 0) = c({pYiAm (PN 15 adyps) - C({p' VAN gl {p}*A)
Combinations of all Clebsch-Gordan coeff. reduced correlator
 allowed lattice rotations of the momenta

* rows of the irreps

0.015 0.015
Z X
< - Ev. 7 LV QSESP . T &r—‘%? aoo%= 1'_7;5?
0.010- = 0.010 1 oo real part -
[ ] bV 4 &_SP
Example using e
Jhy — e e T '
l// }/;76' - 0.000 f y — ¥ ¥ ¥ ¥ ¥ ¥ 0.000 ﬂ%{-wwww“m
- - B imag part
. e A e e aw | _ |
Hne Hy  Hj/y <PA27:LL?7C;]T1_7:M’Y VE2;MJ/¢> —0.005 = = 0.005
1 9 1 - = = s a B (@020,
2\_@ _0.010- O @il ) —0.0104 & @iyli™ ey
13 2 e B (upli™ iy Wl ™2 i)
1 1 1 ! 0015 Wity ™ iy o015 Eowrl™ingiy)
1 2 1 1+4 Y. § <¢€§711]|jT1,1|7766211]> i <¢ﬁ’11]|jT1’1|7706211]>
oL 3_‘/_5 T @B ) 0.0 B avernse | | |
6 —0.020 : ; ; : : ' 0 2 4 6 8
t/at t/at
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Fitting method

 Divide out the time-dependence:

~ \/2E (1) 2E¢
_ Ui
C(tp At) - e_En(’) (At_t)e_Ewt

C(t, At)

C(t, At)

 Fit with variations of

R(t’)’) — C =+ 1481‘(:6(”581“0757 = AsnkeéEsnk(t‘f—t’y)
over different time-windows.

 Take model average with AIC
weighting, using the 30 best fits.

e Four different source-sink

separations At/a, = {12, 16, 20, 24}
to check consistency.

M. Batelaan (W&M) | Multi-Particle Reactions 2025
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~
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0.0010 1
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i D (p|H- ) =
Jlw — yn'” Transition Form Factors """/
Solve for FF

s \W-E avg. & fitting e e e at each 02 BRNpCI—
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(" (p")] 750 (0)| T /10 (P, A)) =

JIy — yzf](’) Transition Form Factors 751 e (s A) Fonin (@)

Solve for FF

-y \W-E avg. & fitting prcere e e at each Q2 gromerrrrereanene

M n,=[000 &mn,=[1000 #% n,=[1100 ¥ n,=[111] X n,=[2000 #® n,=[210] 4 n,=[211]

7 0.02 wl op }
Jly — v éf{ | " =

—0.01 }? { ,H } 03 02 —0.1 0.0 0.1
2 g 1Y
=~ . ++ H Lo g ¥§£ ! Ef%ﬁz Y Y rmepa uy . S —
0.00 | ” | High-momentum |
—0 —9 —4 —J —2 -1 U . operators are |
Q?/GeV?

essential to reach

0.06 - M n, =000 & n,=[100] ¥ n,=[110 ¥ n,=[11] X n,=[2000 ¥ n, =[210] 4 n, =[211]

Lo ;

55 0.04 0.010

Jhy —yn" =74 S N

N@“ % % { 0.005

~ | ?I{{ Y } —0.2 0.0 0.2 0.4

= 0.02 % I % ¥ g

5 ) %E H t s % Ytz § ¥

il ﬁz FPbcs s o e

2 2
M. Batelaan | Lattice 2026 Q7/GeV 12



Comparison with BESIIl experimental results

* Partial decay rates can be expressed as
dov

C(T/% = ") = Z1dP1Fypy g0 OF - = e~ 39TV
=
O 20 _ 2 iy Shaad JIY =
71 = oy F(Q7) = 5 e F(Q7) ~ T xzzx T g3
-
 Best estimate: linear fit around Q2 =0 § 0.0051% = T/ —
with sys. error due to variation in oK R
anisotropy £. T
OOOO»—I4 ﬁll_lqldljsl-‘l-
* Gluonic intermediate state can only reach — 8 u Cl C& L C?g:'a T 7
the SU(3) . singlet o 2REEE5S
N N N .
» We expect the decay to 7" to have a Discrepancy with experiment

larger amplitude than to 7 vacuum topology? light quark mass? U(1), anomaly?
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h. — yn(’) radiative decays R
(" (0")]3#(0)|he(p, ) = Q7HQ?) (El(QQ) Q%) e — (e-p)((p- )" —mj, p™)]

+ C’l(Qz) mp, (e . p/) [(p . p/) (p + Pl)“ - m727(/) pu o mic pm})

1.06 A

Two form factors: electric dipole El(Qz), ,VJ
land longitudinal C;(Q"). |

1.04 1

1.02 -+

1.00 A
W“
J/ ([110], B1)

HeaV|er mass of theh pushes the ;7/;7 to' A R TR
even Iarger momenta (out to \n\ —9) | \

1.050 A

The h is an exc:lted state in the heI|C|ty +1 |

| 0.975 1 %%zﬁlu &
lirreps (it lies above the J/y). R I 11

'+ optimized operators are essential
Meson | \\

1.00 - [ m]
0.95 -
T wf
0.90 - 0
/
1
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electric dipole El(Qz), longitudinal Cl(Qz)

h. — yn(’) radiative decays R
(" (0")]3#(0)|he(p, ) = Q7HQ?) (El(QQ) Q%) e — (e-p)((p- )" —mj, p™)]

+ C’l(QQ) mp, (e . p/) [(p . p/) (p + Pl)“ - m727(/) pu o mic pm})

Decay rate is set by £(0) alone.

T'(he = yn")) = 247a |%| |E1(O)|2
"he x*/(9 —2) =0.35 B o

:

i=)  Ki('Asahyuy; pAp) - F5(Q%) oy g

0.002 - § | ; i

At each Q2 point, solve the overconstrained 0.000 7 - L}
system for the form factors —0.002 - [j @ f
iy
_ —1 _ —0.004 - i ; ;
F=(K'X'K) K'X'T L o
—0.006 - i
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Simultaneous Fitting

At/a; = 16 At/a; = 20 At/a; = 24 At/a; = 28
0.00 ITTTT__ --T__TT
/W%W i /*”’Jmﬁ{ﬁﬁ il 111t
~ —0.01 1 1
5 / /
* Fit four source-sink separations S _o0e.
Atla, = {16,20, 24,28 simultaneously =
[
—0.03 -
 Fit variations of
—0.04 A
ST . 0 4 8 12 160 4 8 12 16 200 4 8§ 12 16 20 24 0 4 8 12 16 20 24 98
R(t’)’) — C =+ ASI‘CG srcty + 143nk6 Snk(t‘f—tﬁy) t/at
C(t, At) J weight
over different time-windows ] e
0.00 SECRNES '_”T';m i
001 ”%25’/ g = i . , E i
. —0.02 T1H]E E} i
Take model average with 1] . M |
AIC weighting o ] [
—0.04 | ,_DE:E ==
—0.05- w;:* ___
—0.06 - . . : HH.
—10 0 10 —0.0050 —0.0025
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h. — }/77(’) radiative decays " ®l0w.0) =07 @)@ @) () ()9 i 1)

F Q) mn (e D) [0 0) 0+ D) — 2 9" — m3, ™))

h. — yn h. — yn'

¥ n,=[110] ¥ n,=[111] X n,=[2000 ¥ n,=[210] & n,=[211] F n,=[220] n,=[221] ® n, = [300] 0.100- Wrov=loo) @n,=(00] Fn, =[io] ¥, =[] Ko, =200 Eny =210 &ny =) A, =220 D,y =21 &0y = [0
b ] |
0.075 -
0.01- 1 F o & % & 3 : ! |
S % "B am eg B 337 . & 0.050- 193 { ) {
S| T ' H ) { Py
1 .00 2 0.025- BEY B L, ek, %
d X %i X;:‘?EEE xtilé
0.000 Sl :
—0.011__ | | | ~ | | | | ~ | | | |
—6 —d —4 —3 —2 —1 0 —06 —d —4 —3 —2 —1 0 1
Q?%/CeV? Q?/CeV?
# n,=[1100 ¥ n,=[111] X n,=[200] # n,=[210] A n,=[211] ¥ n, =[220] n, =[221] @& n, = [300] Bn, =000 ®n,=[100 %n,=[110 ¥n,=[111] Xn,=[200 [En, =[10 A&An, =[11] HAn, =220] —[221] @ n,, = [300]
0.04 -
{{ } 0.2 - } +
flt {
a —  0.1- I T
% 0.02- d s S H S
= 4 T = ® Y oEay
S { ﬁ ﬁ% % I}E &% % {$ﬁi G g L2 llit !EE_I = #ﬁf o = %§: 3
T s 0 i -
1 !
0.00 ! e ! : | 1
1 —0.11 1
—6 —5 —4 —3 —2 1 0 —6 5 —4 —3 —2 1 0 1
Q*/GeV? Q?/GeV?
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Comparison with BESIII results

Similar discrepancy with experiment for /. radiative decays

M. Batelaan | Lattice 2026
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Comparison with BESIII results

Similar discrepancy with experiment for /. radiative decays

P/ (o) e ()
oS = 3.3(3) L = 2.9(3)
F 7M(0) B 7?7(0)

singlet-vs-octet hierarchy is reproduced consistently.
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Comparison with BESIII results

0.0100 my ~ 391 MeV
= = = " ] . . - X %
Similar discrepancy with experiment for /. radiative decays = V7" 0.04 O
%5‘ 0.0050 - CICRCI =
ol T 37 v = 1 0.02 1
/ h. ! 1 L <
P (o) 133 B (0)] 03 = 0.0025- s 5]
FJ/¥=m(0) ' Ehc—wn(o) '
1
0.0000 —— ————————————— ().()()
— T O T IO 3 =%
singlet-vs-octet hierarchy is reproduced consistently. s ZTEEEgg2E8
M o eiBei el = L
N N N N e
A dimensionless ratio that compares the strength of the electric dipole
process in h. decays to the magnetic dipole process in J/y decays 0.020 FRDPTEEVIRY
T ' -0.10
=
E+(0 —~0.0157 1 X
| 1( )‘ _ 1.84(37)6Xpt. ’ 176(20)391 MeV \c\:_/ | g
mj/w‘Q“F(O)‘ n % 0.010 - X,E)g X-6% (0 &'59%.% XTU» =
. U SN M RS | L2 005
E1(0)] expt 391 MeV E) € : g
— 1.58(29)P% 1.63(11) 3 L
m.y/plal|F(0)]],, =-0.005 5
Discrepancy comes from #/n’ properties on this lattice V= o s =3 3 L 0.00
2 ? ? R
vacuum topology? light quark mass? U(1), anomaly” 2 R RRREEESg
"""" D
N N N N O
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Conclusion

» Using a large operator basis we are able to create operators for both # and ’
at high momenta.

* Large range of momenta and irreps allows for many kinematic combinations
In the three-point function.

» We are able to extract a clear signal for radiative decays from excited state A,
to excited state ',

 Good demonstration of the lattice technologies which can be applied to more
radiative decays

* Discrepancy with experiment requires calculations on more lattice ensembles
to understand fully
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/' radiative decays

~ ® n,=[000] & ny=[100] ¥ n,;=[110] ¥ n, =[111] ¥ n,=[200] & n, =[210] & n, = [211] & n, =[220] ¢ n,=[221] [ n, = [300]

_0.005} __
| T -
. __ .
X v )\ T "4'4
v = 5 gt hl i
> —0.005] " 1
Signal is too small ST S expected |

lvalue from j
fexperiment |

to make out with Q*/GeV?

current statistics

~ #® n,=7[000] & n,=1[100 ¥ n, =[110] ¥ n,, =[111] ¥ n,, =[200] ® n,, =[210] 4 n,, =[211] ¥ n,, =[220] © n,, =[221] [ n,, = [300]

0.050F
L 0.025| | |7 )
= ool || t] 4 W %][ il %“HH‘ : H’Lﬁ | f I
/ / & ' ' %
— < | ! | 1
d 7 =-0.025} !
iy |
—0.050}
L
Qz/(}e\/2
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h. — 1117 1" Dalitz decay

Differential decay rate,

al 1 . q
dg?dcos®; 27 m3

depends on both

0.08 - i (q°)]
% e 2 O]
& 0.06
~
S 0.04
<
=~ 0.02-
0 006/

No experimental measurements yet!
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Any remaining contributions from excited states?
h. = v

If we don’t average over all matrix elements

at each 07 point we can compare the cases 0.03- P A =BuBynE I A =T14
where the /. is the ground —state to those '
where the /1. is an excited —state. < 0.02- h a]k { {
ETio.(n- I}ﬂﬁ} ] { i
S T
h.is the ground state in its irrep 0.00 N & : '
- - o 7 —6 5 4 3 9 1
h.is an excited state in its irrep 0% /GeV?
0.08-
Y A, =B1,Bs,Fs § A, =T, A
We see good agreement between 0.06- !
the two types of operators over 004 { [
the full range of Q7 values S {] Iﬂ hir .
O 0.02- 1 ! ;ﬁ I ﬁ
IR LY TR
0.00 - [ % 8 f II I}Ei 1
S 11 B S U B

2 2
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O(a)-improved vector current

~15% correction 0057
— 002
| . | _ 4
Jk = Zy (w%w + (1 - f)at@o(”@bﬁoz@”@b)) < o
zQ '
0.00
—0.01 -
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Spatial and temporal currents

 Decent agreement between spatial and temporal currents

 Temporal current has larger errors for most points

(atQ)2 (atQ)2
—0.15 —0.10 —0.05 0.00 —0.125 —0.100 —0.075 —0.050 —0.025 0.000 0.025
0.125- i gpatial current i gpatial current
T u ) “ Jhy — yn’
_ _ 4 temporal current J / l/j — 7/;7 03- 4 temporal current l/j }/7/]
0.100
00751 &) | — e .
\Q—j _:_ 9 0.2 i __“ -
= 0.050- = ﬂ?ﬁ% I
I 0.1+ k% 75 I
0.025- i i g% %%q % % “
0.000 1 | | S . 004 T T 1 B
—0 —9 —4 —3 —2 —1 0 —4 —3 —2 —1 0
Q?/GeV? Q?/GeV?
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» Fitting four different source-sink separations seperately: At = (12, 16, 20, 24)aq,

 (Good agreement over the range of Q2 values

0.030 1

0.02571 1

—

> 0.0201 |

O

~—

5 0.015-

‘FJ/W?(QQ

0.009

0.000

0.010

f
!
!
!

At/a; = 12
At/a; = 16
At/a; = 20
At/a; = 24

JIy — yn

0.081 |

0.00

Any remaining contributions from excited states?
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Big improvements on the previous literature

[PRL 130 061 901] TABLE I. Parameters of the gauge ensemble. ° On Iy 2 q uark flavo rS

BxT 5 atGev) ¢ om0V N e | jmited momentum combinations
Jiang et al. 2023 163 x 128 2.0 6.894(51) ~5.3 348.5(1.0) 6991

 No vector current improvement

x2/dof = 0.86
0.051 ® M(0)=0.01051(61) GeV~1
N ] “ b —
00 0.05- L
> )
)
(2 ~ 0.04- )
~ 0.03 = TN
TO_, % < 0.03
= & __ l }hn I
0.02 ¥ iJf & 0.02 w 1 } ”ﬁl Mﬁ{ } H{
- t 5 ] 1{ bp 11
0.01 i -
I = 9_@ H ﬁm ]imﬁ!#ﬁ HE gy, ., 1 }{Fi Pl
7 ()] | | - .Ill..
0.01 % 00— - - - - - O
' 2 2
—4 —3 —2 -1 0 Q°/GeV
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