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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
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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

| =  2E,€ Ent/Z (v )0
i

* |ndependently determine optimized operator
for each momentum value
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Optimized operators
charmonia (J/y, h_,y’)

0.475-
| = 3.56(10)
0.450-
| =3.478(19)
0425_ | !
~ 0.400-
N
LLI he
S 0.375-
N’
0.350-
| = 3.5080(24)
0.325-
0.300+
J/
— #2/N d f =0.79
uwl 0.00 5 % é é % % é 0
% %
! 001_ T T
0.0025A
= l % % #2IN qne = 1.26
LL I T X x dof -
~0.0000 A £ @ a é 7
& :
| 0.0025- : : . :
0 2 4 6
In|?

Using bases of 21-35 operators for
momenta up to !71* < 6.
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light pseudoscalars (7, 77')

0.104 % " =3.487(35)
" = 3.4408(81)

0.08 1
(Q\
~~
LLI 0.06
S
N

0.04 1

!!
0.02 A
!
- 0.01- _
L i N % %#Z/N dof = 1.89
- 0.00 JAN % JAN + ':[‘ + 'I
® 1001+ , | |
~ 0.005- %
LI #2/N =2.41
—~ 0.000+ 27 5o ? i
< R v N & R & 7
0 2 4 6 8 10
In|?

Using bases of 32-61 operators
for momenta up to !77!* < 9.



Three-point functions

We can use the optimized operators in a three-point function:

'0;;!

Sink operator
with all possible
momentum
rotations 71> < 6

Use matrix element decomposition to find all non-zero operator combinations
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p!! !“!
(1)

i+ Restrict momenta to ‘,
. canonical types up to |
17i1° < 16

'+ Use the O(a)-improved
1 vector current

l* Renormalization constant |

i from previous work |
| JHEP 05 (2024) 230

COF RO O]

Source operator
with all possible
momentum
directions '71* < 4

Cs! K({!'}. {1}, {p}) &aF (Q%)

C

J /4

C

)

(0,0,0)
(0,0, n)
(0, n, n)
(n,n,n)
(0, m, n)
(m,n,n)


https://doi.org/10.1007/JHEP05(2024)230

Wigner-Eckart theorem

Wigner-Eckart theorem relates each matrix elements to a

# nn

" B T T L T | You 70 & " | ol " L, & a ..I
0! !{f’!)}k' gt a PR 0 s e p s {p'YE Y g sks AC {p'} g s {p}?

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

T T ) "’;;W . - | . . .
o () g g PO Yy s (p'Y W 0 shs 4C (P} g si{p)

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

* rows of the irreps

0.015 0.015
N = F 77 L e O g R
0.010 = 0.010; oo real part -
[ | hY.2 &_SP
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Iy — IR '
l// }/;76' - 0.00 f y— ¥ ¥ ¥ ¥ = 0.000%IWWWWMN
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28 | 0010 2 winl " | 0010 & " 5T iy
1 3 2 e B Rl T o il ™ I[ i
ol % oots| . T o015 P
1 2 1 1+i O gl et y " [121'1]|J iyt
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Fitting method

 Divide out the time-dependence:

2E! (1 2E"

: | |
C(t,! t)! o E (!t t)e! E.t

C(t,! t)

G(t, ! t)

 Fit with variations of

R(tl ) — C 4 Asrce"Esrct! + ASﬂke"Esnk (tf |t )
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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.- O R (0" (p,#) =
JIy — yr](’) Transition Form Factors e o P (O
Solve for FF

ey W-E avg. & fitting e e e at each 02 ARRpCI—
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1 OEYTE0I " (p,#) =

J/ Y — yzf](’) Transition Form Factors 7 5 b § (5. #) Fasss (O

Solve for FF
ey W-E avg. & fitting A —— at each O e
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0.0021 E A

o
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o
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PHe
I
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=

!X‘Fit EitE Ftt

0.00 i  High-momentum |

operators are
essential to reach

1 6 15 1 4 13 1 2 11 0

0.06- M =000 & n:=[100] % n:=[110] ¥ n;=[111] X n,=[200] ¥ n,;:=[210] 4 n; =[211]
/ 9 0.04- | 00101
Sy =y g S L.
~ | { ?I {{ Y } 1 0.2 0.0 0.2 0.4
%0.02- | } F f Hf% i{ﬁ gi ;
— B % I ilr_ﬂi s ¥ ¥ F pelway sExE b abg
0.00 .

W 13 | 2 11 0
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Comparison with BESIIl experimental results

* Partial decay rates can be expressed as

L E0) = SRy - 0 O)F

2 | 2
mJ/ | . m"

2my; |

] = F(Q) = 5 eP(Q)

. Best estimate: linear fit around Q% = 0
with sys. error due to variation in

anisotropy £.

* Gluonic intermediate state can only reach
the SU(3)y,,, singlet

» We expect the decay to 1’ to have a
larger amplitude than to 7

M. Batelaan | Lattice 2026

T o m, # 391 MeV
i
Fr
(DO-O].O- J/I n #II!
% IIIIIIII
=S
~ 0.0051* =
- J/! t#
=
& :::I::::*II
R RS ET
naO 2222220900
1 o O 00 XN g =E
0 O 0O O 'c:—$
N N N o

Discrepancy with experiment

vacuum topology? light quark mass? U(1), anomaly?
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h. — yn(’) radiative decays R

1OEYT40) Ne(p,") =1 T HQY) EL(QY) T (QY)# ! (#ap) (pap)p*! mZ p* )
%
FCL(Q%) my, (#8D) (pap) (p+ P)* | m2, 1 m2 ph!

1.06 A

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

1.04

1.02

1.00 -
Du%m%ﬂﬂmﬂﬁﬁﬁﬁﬁn TeYe

Jn ([110]B;)

'Heavier mass of the /. pushes the 77/n’ to] O
¢ o) {
leven larger momenta (outto 'n!"=9) | \

1.050 -

1.025+4

1.000- T
0.9754 )
%Ea m|
=1
0.950 -
he ([110] B,) 17
0 5 10 15 20 25 30 35 40

1.05-
Meson T
e— 1.00 - =ls
r‘ y (m]
/ | .T
T/, 1 nos-
| R
0.90 - 0

1 '([110], B1) T
0 5 10 15 20 25 30 35 40
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The h is an exc:lted state in the heI|C|ty +1 |
lirreps (it lies above the J/y). fJ
'+ optimized operators are essential

0




electric dipole El(Qz), longitudinal Cl(Qz)

h. — yn(’) radiative decays R

1OEYT40) Ne(p,") =1 T HQY) EL(QY) T (QY)# ! (#ap) (pap)p*! mZ p* )
%
+ C1(Q%) mp_(#8p) (pép)(p+ p)*! m? 20y P! mhc p'u(

Decay rate is set by E,(0) alone.

(het 1 0)= s rl]qz' E,(0)'2
e | 12/(9! 2)=0.35 D Rea
f
_ 1 " ) AE. (O2
= K (P QT e pt ) ak(QY) ey g
| 0.002-
At each Q2 point, solve the overconstrained 0.000— - L}
system for the form factors | 0.002- [j L) f
: T ] 11 T ' 1 n 10.0047 i I
F= K'I"*K K- - = =
1 0.0006 - !
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Simultaneous Fitting

! t/at:16 ' t/at:20 I t/at =24 T T ' t/at:28

0.00 o _ T _ TTTT-

- i} T | [ Tree
ﬁiﬂiﬂi&% -;>~<;,Jmﬁ}m§ T T[T HEE

o
(@)
[

Fit four source-sink separations
Atla, = {16,20, 24,28} simultaneously

IM(CG(t, ! 1))

I 0.03-
e Fit variations of
I 0.04-
) ) 0 4 8 12 160 4 8 12 16 200 4 8 12 16 20 24 0 4 8 12 16 20 24 28
R(tl ) — C + ASI‘Ce Esrct! + Asnke Esnk (tf ! t ) t/at
C(t, ! t) J weight
over different time-windows i =
0.00 STERRER M?;“* i
gy il ——
| | 0.02- TIH ]+ B
Take model average with it 7
. . | 0.03 1 /5w
AlC weighting | [
I 0.04- 1 % ==
| 0.05 WE* _—_
'+ 006 1 10 0 10 | 0.0050! 0.0025
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/ = = ROV T N
h. — yn'” radiative decays "®1One.

hC

¥ n =[1100 ¥ n =[111] X n, =[200] ¥ n, =[210] A n, =[211] & n, =[220]

—
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i
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; | i
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1 0.011___ , , . . .
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T
o 0.02 &
5 PF R gl
. ﬁx}‘ ] ][ 3
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16 |5 | 4 |3 | 2 11 0
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Comparison with BESIII results

0.0100 m; " 391 MeV
X %)
Similar discrepancy with experiment for /. radiative decays & %0975 0.04 O
;;,Ho.ooso S, e
i T T o 21T 1002
£ 0.0025 . T
5 222284983
U 232330 035=7
N N N N o
0.020
m; 391MeV_O.10 S
— % (D)
@ 0.015; 0O
= NN N @ 4% A1 §
iﬁoom T3 or 3 005
< 0.005 <5
5 S>> §|<L izg o @
W 23330 05=7Y
m N N N N o
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Comparison with BESIII results

Similar discrepancy with experiment for /. radiative decays

FJ/" " (O) IEhC” (0)|
T ERERC FEoans

= 2 .9(3)

singlet-vs-octet hierarchy is reproduced consistently.
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0010 5T 3 3 e I 0 05_.9
ey (3 —.
0
© 0.005 mi
0000 ——T o g g == 000
5 >>>>990 S O
1] O 000 K& 2L R
0 O O O O T =
N N N N O

19



Comparison with BESIII results

Similar discrepancy with experiment for /. radiative decays

Ei" O, g

iI:J/!! "#!(O)i
Er T (0)!

| FI T (Q) : =3.3(3)

singlet-vs-octet hierarchy is reproduced consistently.

A dimensionless ratio that compares the strength of the electric dipole
process in h. decays to the magnetic dipole process in J/y decays

[E1(0)] : expt 391 MeV
| =1.84(37) -, 1.76(20)
my 1 1lIF )]
|[E1(0)| } expt 391 MeV
| =1.58(29)**" -, 1.63(11)
My ‘C]HF(O)‘ o

Discrepancy comes from 1/n’ properties on this lattice

vacuum topology? light quark mass? U(1), anomaly?
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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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Additional Slides



/' radiative decays

M n =[000] & n, =[100] ¥ n, =[110] ¥ n, =[111] ¥ n, =[200] ® n, =[210] & n, =[211] ¥ n: =[220]

ni =[221] T n: =[300]
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h. — 1117 1" Dalitz decay

Differential decay rate,

d! 1., 1q] ,‘p-!" 1L 7S a2 o 5 5 [N PP o |
= " SR 1+ 55 |Eq)? + f°|Ce* +4 E.]°! g°|C1]* cos!.
dfdcos!l 27 ml @ P 7 Bl + a[Cy g BTt alCl
depends on both and 4 / g°! Cl(qz)!
0.08- [Cpl 0:3- [E1(@)]
> e RaCy(P) P . Pacy(a)l
O 0.06- O
= =02
© 0.04- >/
— 0.02- £ 0.1

N

AN

@-
o
o

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 O point we can compare the cases 003 Eln=BiBaBe T ln=Tuhs
where the /. is the ground —state to those '
where the 5. is an excited—state. S 0.02 h a]k { { '
Lfo.or I}ﬂﬁ} ! i T
3 1t &
h. is the ground state in its irrep 0.00 r——— 11{ : 7
h.is an excited state in its irrep e e e Q2/c!;e?:,2 e
0.08-
) $ 'n=B1,B2E; £ !n =TyA
We see good agreement between 0.06 !
the two types of operators over < 0.04- { |
the full range of Q7 values %002 {] Iﬂ iPir i -
o L %II% iIL“ %
0.00 - ? i % ) f i}g%ﬁi [z i ﬁi
1 l [ | I I i 1
T T T I T T T T
|7 1 6 15 | 4 13 W. 1

2
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O(a)-improved vector current

®  unimpr. current
~15% correction o s
—~ 0024 | ' _
. | 1 . | - “
jk =Zy ¥l + 2(1! Ha$o(Wook! ) 8 001 T 1] ;l[ E t
0.00 | | } I } I I I I e K X KX &
I Xo§ I . ' |
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Spatial and temporal currents

 Decent agreement between spatial and temporal currents

 Temporal current has larger errors for most points

(2Q)* a;Q)°
1 0.15 | O.]t.O 1 0.05 0.00 1 0.125! 0.100! 0.075! 0.050! 0.025 0.000 0.025
0.125 | [] s;;atial current | 7 spatial current
_ 4 temporal current J/l// — VY 03l T 4 temporal current J/w - ?’77,
0.100 % '
‘B 0.075 L _[]_ ‘B 0]
O 1T % gO.Z |
L 0.050 it - i Eﬁ% f
I 0.1 p N @ 1
0.025 g % 2 My % |
1 '__ } %%%I % 18]
OOO | | OO : : : y wll : 1
| 6 | 5 | 4 | 3 | 2 11 0
Q% Ge\
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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

0.030y .

0.025( |

IFyn- (Q))/ GeV
=)
)
H
G

I Ita, =12
I 1ta,=16
i 1ta,=20
I lta,=24
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Fne (Q)I/ GeV -

0.081 |

O
o
D

O
o
B

O
O
N

0.00

I lta, =12
I 1ta,=16
I 1ta; =20
I 'va;,=24
Iy — yn’

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

0.05 -

0.01 ~
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[PRL 130 061901]

Jiang et al 2023 163 x 128 2.0 6.894(51) ~5.3 348.5(1.0) 6991

TABLE I. Parameters of the gauge ensemble. ° Only 2 quark flavors
Lxt 6 o GV) & m(00V) Moo ] jmited momentum combinations

 No vector current improvement

x2/dof = 0.86
® M(0)=0.01051(61) GeV1
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= 003 l l ]
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4 001 - : P i I ﬂﬂﬁ P e
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