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Charmonium decays
⋆ Decays with photons can be used as tests of our

understanding of internal structure of mesons from strong
interaction physics

⋆ Photons are clean objects; not as messy as QCD
⋆ J/Ψ → γηc: Some tension between branching fractions

from lattice QCD and experimental result
⋆ ηc → γγ less clear

▶ some lattice calculations exist (but without realistic sea quark
content)

▶ experimental results give no clear consensus

This work

⋆ Precise calculation by using Highly Improved Staggered Quark (HISQ) action
▶ Very good action for charm, c.f. previous HPQCD work

⋆ Calculate these decays with realistic sea
▶ Effect of 2+1+1 quarks

⋆ 1-2% uncertainties, so more accurate now than experiment

Full details in [arXiv:2305.06231] (to appear in Phys. Rev. D. imminently!)
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Lattice details

⋆ 2 + 1 + 1 HISQ gauge ensembles provided by MILC Collaboration
⋆ Lattice spacings from ≈ 0.15 fm down to ≈ 0.06 fm
⋆ Combination of ms/ml = 5 and physical ml
⋆ Valence charm quarks also use HISQ formalism
⋆ Charm mass accurately tuned through measurement of J/ψ meson

▶ (HPQCD ’20 [2005.01845])
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ηc → γγ



Lattice calculation

t⌘c
<latexit sha1_base64="2dP+ZLMextOPco6GQkdhlz/dEJE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ae2IWy203bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuhMyAFAqaKFBCJ9HAolBCOxzfzvz2E2gjYvWAkwT8iA2VGAjO0EqPGGQ9QBbwaVCuuFV3DrpKvJxUSI5GUP7q9WOeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+YXT+mZVfp0EGtbCulc/T2RsciYSRTazojhyCx7M/E/r5vi4NrPhEpSBMUXiwappBjT2fu0LzRwlBNLGNfC3kr5iGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucP1gaRBQ==</latexit>

t�1
<latexit sha1_base64="Nh8aGVmP52X30iWns5YLj2j6iuw=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YAmhMl22y7dTcLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3IzBcipi3UKDk3VRzUJHknWh8N/M7T1wbkcSPOEl5oGAYi4FggFbyMcz9ISgFoTcNK1W35s5BV4lXkCop0AwrX34/YZniMTIJxvQ8N8UgB42CST4t+5nhKbAxDHnP0hgUN0E+v3lKz63Sp4NE24qRztXfEzkoYyYqsp0KcGSWvZn4n9fLcHAT5CJOM+QxWywaZJJiQmcB0L7QnKGcWAJMC3srZSPQwNDGVLYheMsvr5J2veZd1uoPV9XGbRFHiZySM3JBPHJNGuSeNEmLMJKSZ/JK3pzMeXHenY9F65pTzJyQP3A+fwANM5Gw</latexit>

t�2
<latexit sha1_base64="9ixsuY4galhQWeXbAzQVoo1exkk=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmhM122y7dTcLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FDFvoUDJu6nmVEWSd6Lx3czvPHFtRBI/4iTlgaLDWAwEo2glH8PcH1KlaFifhpWqW3PnIKvEK0gVCjTDypffT1imeIxMUmN6nptikFONgkk+LfuZ4SllYzrkPUtjqrgJ8vnNU3JulT4ZJNpWjGSu/p7IqTJmoiLbqSiOzLI3E//zehkOboJcxGmGPGaLRYNMEkzILADSF5ozlBNLKNPC3krYiGrK0MZUtiF4yy+vkna95l3W6g9X1cZtEUcJTuEMLsCDa2jAPTShBQxSeIZXeHMy58V5dz4WrWtOMXMCf+B8/gAOuJGx</latexit>

j⌫
<latexit sha1_base64="PKNAs+eDT7Lvt6zcZ6DUYenUvIs=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU8lWqe2t6MVjBfsB7VKyabaNzWaXJCuUpT/CiwdFvPp7vPlvzLYVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5CrzO/dMaR7JWzONmReSkeQBp8RYqXM3SPsymQ2KJVzGFtUqyohbw64l9XqtUqkjd25hXIIlmoPie38Y0SRk0lBBtO65ODZeSpThVLBZoZ9oFhM6ISPWs1SSkGkvnZ87QydWGaIgUrakQXP1+0RKQq2noW87Q2LG+reXiX95vcQENS/lMk4Mk3SxKEgEMhHKfkdDrhg1YmoJoYrbWxEdE0WosQkVbAhfn6L/SbtSds/KlZvzUuNyGUcejuAYTsGFC2jANTShBRQm8ABP8OzEzqPz4rwuWnPOcuYQfsB5+wT7VZAB</latexit>

jµ
<latexit sha1_base64="7hJ/vS7saKCmNf5c8IyQM0Dq2EI=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU9mtUttb0YvHCvYD2qVk02wbm2SXJCuUpT/CiwdFvPp7vPlvzLYVVPTBwOO9GWbmBTFn2rjuh5NbWV1b38hvFra2d3b3ivsHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyVXmd+6p0iySt2YaU1/gkWQhI9hYqXM3SPsimQ2KJbfsWlSrKCNezfUsqddrlUodeXPLdUuwRHNQfO8PI5IIKg3hWOue58bGT7EyjHA6K/QTTWNMJnhEe5ZKLKj20/m5M3RilSEKI2VLGjRXv0+kWGg9FYHtFNiM9W8vE//yeokJa37KZJwYKsliUZhwZCKU/Y6GTFFi+NQSTBSztyIyxgoTYxMq2BC+PkX/k3al7J2VKzfnpcblMo48HMExnIIHF9CAa2hCCwhM4AGe4NmJnUfnxXldtOac5cwh/IDz9gn5z5AA</latexit>

O⌘c
<latexit sha1_base64="dEZrcEe27aenqcV3+34eAtX9mWk=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5JEqe2u6MadFWwrNCFMppN26GQSZiZCDcFfceNCEbf+hzv/xklbQUUPDBzOuZd75gQJo1JZ1odRWlhcWl4pr1bW1jc2t8ztna6MU4FJB8csFjcBkoRRTjqKKkZuEkFQFDDSC8bnhd+7JULSmF+rSUK8CA05DSlGSku+uedGSI0wYtll7mcuUcjHuW9WrZqlUa/DgtgNy9ak2Ww4ThPaU8uyqmCOtm++u4MYpxHhCjMkZd+2EuVlSCiKGckrbipJgvAYDUlfU44iIr1smj6Hh1oZwDAW+nEFp+r3jQxFUk6iQE8WWeVvrxD/8vqpChteRnmSKsLx7FCYMqhiWFQBB1QQrNhEE4QF1VkhHiGBsNKFVXQJXz+F/5OuU7OPa87VSbV1Nq+jDPbBATgCNjgFLXAB2qADMLgDD+AJPBv3xqPxYrzORkvGfGcX/IDx9glwGpXg</latexit>

θ

Ji & Jung [hep-lat/0101014] & [hep-lat/0103007]:

C̃µν(tγ2 , tηc ) = a
∑
tγ1

e−ω1(tγ1 −tγ2 )Cµν(tγ1 , tγ2 , tηc )

⋆ For on-shell photons:

ω1 = |q⃗1| = |q⃗2| =
Mηc

2
⋆ Impart momentum (θ in picture) to tune ω1

⋆ Currents require renormalisation; we use RI-SMOM scheme
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Fitting correlators

Fit two sets of correlators:

and

C̃µν(tγ2 , tηc ) =
Nn∑
n

anbn
(
e−En(tγ2 −tηc ) + e−En(Nt−tγ2 +tηc )

)
Extract form factor Flatt(0, q2

2) by:

Flatt(0, q2
2)

a
= b0Z

2
V

√
2aM latt

ηc

aM latt
ηc

aq1

which, when q2
2 = 0, relates to the width for two on-shell photons:

Γ(ηc → γγ) = πα2
emQ

4
cM

3
ηcF (0, 0)2.

Cηc (t, tηc ) =
Nn∑
n

a2
n
(
e−Ent + e−En(Nt−t)

) OA OB

t
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ηc → γγ in the continuum
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F
(t)
latt(0, q2

2)
a

=
F (0, 0)

(1 − q2
2

M2
pole

)

[
1 +

imax∑
i=1

κ
(i,t)
aΛ

(
aΛ(t)

)2i
+ κval,cδ

val,c + κsea,cδ
sea,c

+ κ
(0)
sea,udsδ

sea,uds
{

1 + κ
(1,t)
sea,uds(aΛ̃)2 + κ

(2,t)
sea,uds(aΛ̃)4

}]
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ηc Results

Continuum result gives

F (0, 0) = 0.08793(29)fit(26)syst GeV−1

From which we can determine the width:

Γ(ηc → γγ) = 6.788(45)fit(41)syst keV

0 2 4 6 8 10

Γ(ηc → γγ)[keV]

HPQCD23
η′ππ
K∗K

∗

φφ
ωω
f2f2

KKπ
K+K−π+π−

2(K+K−)
2(π+π−)
pp
J/ψ → γηc

PDG fit

lattice QCD

experiment

4.6σ tension

PDG fit: 5.15(35) keV χ2 = 118 for 81 d.o.f.; p = 0.005
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Nonrelativistic relations

Expectation in nonrelativistic limit:

Γ(J/Ψ → e+e−)
Γ(ηc → γγ)

≈
3
4

;
fJ/ψ

F (0, 0)M2
J/ψ

=
1
2
(

1 + O(αs) + O(v2/c2)
)

4 6 8 10 12

Γ(ηc → γγ)[keV]

HPQCD23

CM01

FJS17

BCK18(BFG)
BCK18(NNA)

BC01(BFG)
BC01(NNA)

PDG fit LO NRQCD

lattice QCD

NRQCD
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a2
[
GeV−2

]
0.3

0.4

0.5

0.6

0.7

f J
/ψ
/(
F

(0
,0

)M
2 J
/ψ

)

LO NRQCD

ms/ml = 5

Physical ml

Mistuned mc (3A)

Our result :
fJ/ψ

F (0, 0)M2
J/ψ

= 0.4786(57)fit(14)syst

(Czarnecki & Melnikov ’01 [hep-ph/0109054]):

MJ/ψ & fJ/ψ from HPQCD ’20 [2005.01845]:
8



J/Ψ → γηc



Lattice calculation

⌘c
<latexit sha1_base64="tvnVgGPWelmArBEXvFGhs5RBkkA=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWSr1PZW9OKxgv2AdinZdLaNzWaXJCuUpf/BiwdFvPp/vPlvzLYVVPTBwOO9GWbm+bHg2hDy4eRWVtfWN/Kbha3tnd294v5BW0eJYtBikYhU16caBJfQMtwI6MYKaOgL6PiTq8zv3IPSPJK3ZhqDF9KR5AFn1Fip3QdDB2xQLJEysahWcUbcGnEtqddrlUodu3OLkBJaojkovveHEUtCkIYJqnXPJbHxUqoMZwJmhX6iIaZsQkfQs1TSELSXzq+d4ROrDHEQKVvS4Ln6fSKlodbT0LedITVj/dvLxL+8XmKCmpdyGScGJFssChKBTYSz1/GQK2BGTC2hTHF7K2ZjqigzNqCCDeHrU/w/aVfK7lm5cnNealwu48ijI3SMTpGLLlADXaMmaiGG7tADekLPTuQ8Oi/O66I15yxnDtEPOG+f1O2PTw==</latexit>

t⌘c
<latexit sha1_base64="2dP+ZLMextOPco6GQkdhlz/dEJE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ae2IWy203bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuhMyAFAqaKFBCJ9HAolBCOxzfzvz2E2gjYvWAkwT8iA2VGAjO0EqPGGQ9QBbwaVCuuFV3DrpKvJxUSI5GUP7q9WOeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+YXT+mZVfp0EGtbCulc/T2RsciYSRTazojhyCx7M/E/r5vi4NrPhEpSBMUXiwappBjT2fu0LzRwlBNLGNfC3kr5iGnG0YZUsiF4yy+vklat6l1Ua/eXlfpNHkeRnJBTck48ckXq5I40SJNwosgzeSVvjnFenHfnY9FacPKZY/IHzucP1gaRBQ==</latexit>

jµ
<latexit sha1_base64="7hJ/vS7saKCmNf5c8IyQM0Dq2EI=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU9mtUttb0YvHCvYD2qVk02wbm2SXJCuUpT/CiwdFvPp7vPlvzLYVVPTBwOO9GWbmBTFn2rjuh5NbWV1b38hvFra2d3b3ivsHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyVXmd+6p0iySt2YaU1/gkWQhI9hYqXM3SPsimQ2KJbfsWlSrKCNezfUsqddrlUodeXPLdUuwRHNQfO8PI5IIKg3hWOue58bGT7EyjHA6K/QTTWNMJnhEe5ZKLKj20/m5M3RilSEKI2VLGjRXv0+kWGg9FYHtFNiM9W8vE//yeokJa37KZJwYKsliUZhwZCKU/Y6GTFFi+NQSTBSztyIyxgoTYxMq2BC+PkX/k3al7J2VKzfnpcblMo48HMExnIIHF9CAa2hCCwhM4AGe4NmJnUfnxXldtOac5cwh/IDz9gn5z5AA</latexit>

J/ 
<latexit sha1_base64="dJPVf0ZVzh9ppYSKPn5R8uHdYLg=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4qplRarsruhFXFewD2qFk0kwbm0mGJCOUof/gxoUibv0fd/6NmbaCih64cDjnXu69J4g50wahDye3tLyyupZfL2xsbm3vFHf3WlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+DLz2/dUaSbFrZnE1I/wULCQEWys1Lo+6cWa9YslVEYWlQrMiFtFriW1WtXzatCdWQiVwAKNfvG9N5AkiagwhGOtuy6KjZ9iZRjhdFroJZrGmIzxkHYtFTii2k9n107hkVUGMJTKljBwpn6fSHGk9SQKbGeEzUj/9jLxL6+bmLDqp0zEiaGCzBeFCYdGwux1OGCKEsMnlmCimL0VkhFWmBgbUMGG8PUp/J+0vLJ7WvZuzkr1i0UceXAADsExcME5qIMr0ABNQMAdeABP4NmRzqPz4rzOW3POYmYf/IDz9gmASY8Y</latexit>

tJ/ 
<latexit sha1_base64="y4F2oiGmiHbiJT4DtNCqEtpbmlM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe5GQY9BL+IpgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpBxzH3A/pQIm+YBSt9Ijd9O6sExsx6RZLbtmdgSwTLyMlyFDrFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjq7eEJOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+1d+KlScIFdsvqifSIIRmb5PekJzhnJsCWVa2FsJG1JNGdqQCjYEb/HlZdKolL3zcuX+olS9zuLIwxEcwyl4cAlVuIUa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QOBK5DO</latexit>

t�
<latexit sha1_base64="O1vUt+wfhLLLC/cAU8DaCO6TuUc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpbhJ3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKHez3hlQp2i9X3Ko7B1klXk4qkKPRL3/1BjFLFY+QSWpM13MT9DOqUTDJp6VeanhC2ZgOedfSiCpu/Gx+75ScWWVAwljbipDM1d8TGVXGTFRgOxXFkVn2ZuJ/XjfF8NrPRJSkyCO2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaikg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wcXZ5AA</latexit>

θ

C3pt(t, T ) =
Nn,Nn∑
i,j

aie
−EitVijbje

Ej(T−t)

Form factor:

V̂ (q2) =
M latt
J/ψ

+M latt
ηc

M latt
J/ψ

qy
ZV

√
2M latt

J/ψ

√
2Elatt

ηc V00

From which the decay width is found:

Γ (J/ψ → γηc) = αQ2
c

16
3

|k|3(
Mηc +MJ/ψ

)2 |V̂ (0)|2
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V̂ (q2)

−0.010 −0.005 0.000 0.005 0.010 0.015
q2 (GeV2)
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1.95

V̂
(q

2 )

Set 1

Set 2

Set 3

Set 3A

Set 4

Set 5

Set 6

V̂latt(0) = 1.8649(73)fit(75)syst

V̂latt(q
2) =

2∑
k=0

A
(k)

(
q2(

M latt
J/ψ

)2

)k [
1 +

imax∑
i=1

κ
(i,k)
aΛ (aΛ)2i + κ

(k)
val,cδ

val,c + κ
(k)
sea,cδ

sea,c

+ κ
(0,k)
sea,udsδ

sea,uds
{

1 + κ
(1,k)
sea,uds(Λ̃a)2 + κ

(2,k)
sea,uds(Λ̃a)4

}]
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V̂ (0)
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V̂latt(0) = 1.8649(73)fit(75)syst

Γ(J/ψ → γηc) = 2.219(17)fit(18)syst(24)expt(4)QED keV

Br(J/ψ → γηc) = 2.40(3)latt(5)expt%
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Summary results: J/ψ → γηc

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Γ(J/ψ → γηc)[keV]

HPQCD23

KEDR14

CLEO08

CBALL85

PDG av.

lattice QCD

experiment

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Γ(J/ψ → γηc)[keV]

HPQCD23

potentials

pNRQCD

pNRQCD

sum rules

LCSR

PDG av.
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Product of fractions

⋆ Product of J/ψ → γηc and ηc → γγ measured at by CLEO and BESIII

0 1 2 3 4 5 6

Br(J/ψ → γηc)× Br(ηc → γγ)(×106)

HPQCD23

BESIII13

CLEO08

PDG av.

lattice QCD

experiment
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J/Ψ → ηce
+e−



J/Ψ → ηce
+e−

Reeγ =
B(J/Ψ → ηce+e−)

B(J/Ψ → γηc)
;

dReeγ

dq2 =
α

3πq2

∣∣∣∣ V̂ (q2)
V̂ (0)

∣∣∣∣2(1 −
4m2

e

q2

) 1
2
(

1 +
2m2

e

q2

)

×

((
1 +

q2

M2
J/ψ

−M2
ηc

)2

−
4M2

J/ψ
q2

(M2
J/ψ

−M2
ηc )2

) 3
2

0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
q2
[
GeV2

]

10−1

101

103

105

3π α
d
R
ee
γ

d
q2

[ G
eV
−

2]

Γ(J/Ψ → ηce
+e−) = 0.01349(15)latt(15)expt(13)QED keV

Br(J/Ψ → ηce
+e−) = 1.457(16)latt(15)QED(31)expt × 10−4

Landsberg ’85 Phys. Rep. 128, 301
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Follow-on study

Follow-on study: ηb → γγ
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Follow-on study

Follow-on study: ηb → γγ Prediction
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Follow-on study

Follow-on study: ηb → γγ Prediction

0.000 0.001 0.002 0.003 0.004
a2
[
fm2
]
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F
(0
,q

2 )
[ G

eV
−

1]

2fΥ/M
2
Υ

2fηb/M
2
ηb

a ≈ 0.06 fm

a ≈ 0.044 fm
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Summary
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▶ F (0, 0) = 0.08793(29)fit(26)syst GeV−1

⋆ Γ(J/Ψ → γηc) = 2.219(17)fit(18)syst(24)expt(4)QED keV
▶ V̂latt(0) = 1.8649(73)fit(75)syst

⋆ Γ(J/Ψ → e+e−) = 0.01349(15)latt(15)expt(13)QED keV
⋆ New/updated information to make picture more clear from experiment side would

be welcome!
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Summary
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⋆ Γ(J/Ψ → γηc) = 2.219(17)fit(18)syst(24)expt(4)QED keV
▶ V̂latt(0) = 1.8649(73)fit(75)syst

⋆ Γ(J/Ψ → e+e−) = 0.01349(15)latt(15)expt(13)QED keV
⋆ New/updated information to make picture more clear from experiment side would

be welcome!

Thank you!
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Extra stuff



Γ(ηc → γγ) lattice comparison
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Summary plot J/ψ → γηc: lattice results
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