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Charmonium

Charmonium, the bound state of a charm quark and its antiparticle, is a system that sits at a very interesting

crossroads in QCD.

* Theoretically a hard problem: multiscale, multi-physics: Agep < aim, < agm, < mg

soft

hard

« Physically a simple system: nonrelativistic (v, < 1), perturbative (a; < 1): v? ~ 0.3, a,(m.) ~ 0.3 —0.6

* Potential model, NRQCD, Lattice QCD, DSE/BSE, light-front Hamiltonian,...
[Review: Brambilla:2010cs, Yuan:202 1wpg]
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Radiative transitions
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Radiative transitions are processes where a charmonium state decays by emitting one or
two photons, Y, = Yg + ¥*(Q?), Y, = y + y*(Q?), serving as electromagnetic probes
to understand the internal structure of QCD bound states

v/v*(@)
,- » decay width (T , 45 /y+y) = realy
@ l > transition form factor (TFF, F(Q?)) - virtual y*
Y5(P)
Y(3770)
NN '5‘1"fﬁ?‘qlw}wq{q’ * Golden channel for hadron identification & discovery w. J, P, C,
_ 5T L .
/// L ap gauge symmetry selection rules
‘ 1, E2, M3 =5— . . .
/ /,(,apr—%T;;c—,(,p) * Clean probes to charmonium structures -- important for theories
Xeo1P) 77 7288 [Review: Eichten:2007gx, Chernyak:2014wra]
\ - . .o .
\ < * Extensive measurements of radiative widths
§ ( [Review of particle physics 2025]
L N PS . 3 2 2
% Iwas) TFFs: relatively scarce, F, ., (Q°), Fxcn/(Q ) | . |
¥ [BaBar:2010siw, Belle:2017xsz]
0t 1= 1+ o+t 1++ o+
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Physical pictures

The TFF interpolates between two distinct physical regimes

My = el [ dixe9%(0]]4(2)](0)|H)

« Low Q? -- Vector « High Q?-- Light-Cone
Meson Dominance Dominance: The hard
(VMD): The  soft photon  resolve  the
photon cannot resolve individual quarks,
quarif o dstru'cture(i ~ q;‘/;gr—:Qg) M ~ f dx Ty (x, 02) b (x, 1) ampl}iltuiiie fakctorizles intz)1
amplitude 1s dominate v a ar erne an
by intermediate vector 0% -0 intermediate Q27 g% distribution amplitude

meson states

4 * Intermediate Q2
4 (experimentally

accessible!): Neither

limit adequate, non-

perturbative methods
needed
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Theories to access the TFFs

* Potential model: large relativistic corrections

[Babiarz:2019sfa]

* NRQCD: discrepancy at NNLO -- a crisis for NRQCD?
vZ ~ 0.3, as(m,) ~ 0.3 —0.6, non-perturbative & relativistic effects

[Feng:2015uha, Feng:2017hlu]

e Lattice QCD: tremendous progress in widths
am, ~ 0.5,0(a?) effects
QCD + QED: challenge for simulating y* on the lattice

[Dudek:2006ut, Dudek:2006¢j, Dudek:2009kk, Chen:2011kpa,
Becirevic:2012dc, Donald:2012ga, CLQCD:2016ugl,
CLQCD:2020njc, Liu:2020qfz, Zou:2021mgf, Meng:2021ecs,
Colquhoun:2023zbc, Li:2023zig, Delaney:2023fsc,
Meng:2024axn,...]

» Relativistic approaches: DSE, LFQM, LCSR, LF Hamiltonian, ...  [Chen:2016bpj, Ryu:2018egt, Guo:2019xqa]

15 Loy o o e e e b | 20 ’
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Physics on the light front

-+

* Infinite momentum frame |

)

* Light front quantization

ot PZ > oo

’

Py

hadron admits a simple
partonic interpretation

the constituents become
approximately collinear,

t

time: xt = x° + x3
Hamiltonian: P~ = P° — pP3

0
ox™*

SR = i )

[Review: Brodsky:1997de]

> charmonium are solved from
eigenvalue equations

> transition amplitudes can be evaluated
directly with obtained wavefunctions
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Pocol®) = Pyld) <= (PocoP* = ﬁ@)|¢h<P,j, m;)) = M2 [y, (P,j,m;))

Hyc boost invariant

1 2k » =
PEsOMEm) =3 [t | (‘izf)iafyfgzy;]L(kL.x%,;ﬁ,P(kl 4 (1- %.x)]

5,5,

X ﬁs/(xP+.El +xB, + Z]’l)}/"us(xP’L,EL + xi’l).



LF wavefunction representation of TFF

The pseudoscalar transition amplitude is parameterized as ~ M* = 4za.,e"7°q, ,q2,F p,, (43, 43)
Single-tagged transition form factor:

Fpy(Q?) = ef2v/2Nc |

%k, i ya/p(x kL)

m/ 27r)3 k% +m2 + x(1— x)Q2 \

Q Q higher Fock sector
Q = 2% contributions
2
y erfv gv(0) 2 /1 4 op(x, 1)
M 2 2 e x
v 1+ 52 My+Q ! 7T Jo x(1—x)Q2 +m?3
Q?-0 intermediate Q2 Q% - o

R
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Charmonium from LFQCD

* The quantum many-body exponential wall

* Wilson's program: low-energy effective Hamiltonian from similarity RG [Wilson:1994fk]]
* BLFQ: starting from semi-classical confinement from AdS/QCD [Brodsky:2003px, Vary:2009gt]
2 2
SRG pi| +m; 0 1 ()
Hroo 29 Ho=DHM 4y 4yt +pauf+ [ @e®
i i ij ij
! tﬁ@) Zc(4I200) ! )(cﬂ2_74) ! ! ! I

42- = Xe1(4140) I

L. ¢ ¥(4160) i -
4.0j Y(4040) i Xc%(?s) 08 xa(3930) i j ,.-,1;1.'( l — 1)/_"2l - (e ¥ ma)? Oa (1( — ,-)(‘)'.“) |

Y(770) ZB90) T 5 37 m_ Y0823 _B \ i . it

3.8+ ) Xe0(3860) ° ¥3(3842) — Y one-giuon

--------------- e S . confinement h

— ) O DD threshold < exchange

22 LoS °

3.6 n.09) ) raan 1D -
i ®o xguh " _ free parameters: k, m,

= DO

— PDG

3.2 i o BLFQ ] BLFQ: [Li:2017mlw] «Y. Li, P. Maris, J. P. Vary

| ns) Jﬁﬁ%) o CsT ] CST: [Leitao:2017mlx]
3.0 = | | | | | ©© DSE/BSET] DSE: [Fischer:2014cfa]

o 1~ 1+ 0 A 1% 2+ 2 2™ 3
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Light-front wavetunctions of charmonium

angular
excitation
S
-1. 0. 1
ky (GeV)
0.63' =L LZ 30.8
np(15) (k)
0.6
radial =
excitation . 0.4
S
02T 1. 302
k_L (GeV)

- (1/)|5 |1,b) parameter free
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[Li:2017mlw, LFWFs published on Mendeley Data, doi: 10.17632/cjs4ykv8cv.2]
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Timeline: ¢c TFFs on the light front

2018 _‘ Radiative transitions between 0-+ and 1-- heavy quarkonia on the light front, ML, Y. _..______ M1 TFF
Li, P. Maris and J. P. Vary, PRD 98, 034024 (2018)

2019 —@ Frame dependence of transition form factors and Dalitz decays in light-front ~  _________ M1 timelike TFF
dynamics, ML, Y. L1, P. Maris and J. P. Vary, PRD 100, 036006 (2019)

2022 —® Two-photon transitions of charmonia on the light front, Y. Li, ML, and J. P. Vary, = —cccco_—- diphoton TFF
PRD 105, L071901(2022)

—@ Light-front wavefunction of mesons by design, ML, Y. Li, G. Chen, T. Lappi, and J.  --------- cc wavefunction

P. Vary, EPJC 82, 1045 (2022) & diphoton TFF

2024 —@ Shedding light on charmonium, Z. Wang, ML, Y. Li and J. P. Vary, PRD 109,3 . E1 TFF
(2024)

2025 —@ Relativistic dynamics of charmonia in strong magnetic fields, L. Wen, ML, Y. Zhou, --------- cc in B field
Y. Liand J. P. Vary, PRD112, 014019 (2025)

2026 '— 9 Meson production in high energy collisions, X. Cao, ML, Y. Li, W. Qian, in progress --------- y*—>cc

\
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Radiative widths

2 .
o r) =t L v B =l
160 M? 25+1,~
1 ’)’/Sllsf
. LI L N T T T T T T T T | T T T
NRQM]/LF (Babiarz 2019) — Dudek '06
NRQM (Babiarz 2019) N () Dudek '09 KO
NNLO NRQCD (Feng 2017) — g Chen '11 O
Lattice (Chen 2016) . © Li21 ' ¢
) " - Delaney 23 K
Lattice (Chen 2020) BLFQ o
CLEO '05 ——i
BLFQ (this work) e BESIII '17
PDG2020 .H‘l‘...l.r..-‘.l....l..“l.. PDG ! | | nb_l._1| | L | 1
0.0 20 40 6.0 8.0 10.0 0 50 100 150 200 250 300
I, .., (keV I'keV
rery (KOV) V) xco = J /WY
X [rrrrper T T T T T T T T T T T T
NRQM/LF (Babiarz 2019) — " Dudek '06
NRQM (Babiarz 2019) — Chen 11 o
P . . 1
Lattice (Chen 2020) —e— £ | Becirevic 12 :
BLFQ ——
CLEO '08 —
BLFQ (this work) F—e—f BESIII 22
PDG 2020 . PDG N
e b e e b by 1 | L | 1 | 1 |
00 10 20 30 4.0 0 200 400 600 800
Ty (keV) tkeV) he > ney

IGFAE ) | Radiative transitions of charmonium on the light front | Meijian Li

[Li:2021ejv, Wang:2023nhb]
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pseudoscalar 07~

p
Two-photon TFF: n, -y + y*

= Fp,,(0,Q3) is the

_'_J
2o1me’

_ _ o )
€, (q1) MM = (v(91, M)|]Y(0)|P) = €, (91)47teme" "’ 419920 Fpy (91, 92),
Diphoton width: T’y = aemM%|Fp77 (0, O)’ where, Fp (Q?) = Fpq, (Q?,0)
single-tag TFF.
a2k, ¥i -3 x, k1)
Fey(Q%) = e§2v/2Nc | [
f Za/x(l—x) o (2m)°k —I—mf+x(1 x) Q2
0-08£‘ T T T I L I 1T TT I T T T I T T T T I I()l T T ] Babiarz 2019b * }I—" IIIIIIIII

\ ——BLF i Babiarz 2019a
— N \\ BLFQ/DA NNLO NRQCD —
‘T> 0.06—-\\ ---- DSE/BSE ] Meng 2021 -
o [ \g[ * i Chen 2020 -
S - —4BaBar2010 { | Chen2016 .
— 0.04~ - — BLFQ o
G i S * PDG2020 _ BES 2025 o
~ i : Belle 2018 —e—

S n i BES 2013

v 0'02_ " 4 Belle 2012

- TT===== BaBar 2010 -

_l AN T T T T T T N M A T T N A B |— PDG 2024 —— ]FI.-' |||||||
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IGFAE ) | Radiative transitions of charmonium on the light front | Meijian Li

[y (keV)

[Chen:2016bp, Babiarz:2019sfa, Meng:2021ecs, Li:2021ejv]
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LCDA and large-Q“ asymptotics

At large-Q?, viz. Q% + (m]%/x(l —x)) > (k3 /x(1—x)),
Q—)oo\ 66]25fp

/7

1
FPV(Qz)%e]%fP/O dxx( ¢p(x, )

1—x)Q2 +m3 OF

3-0 : T | T | T | T I T | T | ; BiFQl T | T : T T T T | T T T T | T T T T | T T T T I T T T T
ot Me Bondar-Chemyak 1.20p * Pl ®/3)fp. —
- ————Ma-Si - — L =
C f dx ¢(x)=1 Braguta et al. 1 > i ]
20 — -------- Ding et al. - 8 L -
 F \ ] = 0.80+ -
- 1.5 4 N B .
S F 1 X -
- C ] & | —— BLFQ i
100 / \ N; 0.40 BLFQ/DA, =y
0.5 oy 1 = & BLFQ/DA,u=Q -
S \\_E —_ DSE/BSE T
Ht / N\ 7

L vov v v v v v by v v by o by

0'8.0 0.2 04 0.6 0.8 1.0 0'000 100 200 300 400 500
X 0% (GeV?)

[Ma:2004qf, Bondar:2004sv, Braguta:2006wr, Ding:2015rkn, Chen:2016bp, L1:2021¢jv]
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pseudoscalar 0~

Two-photon TFF: nC(ZS) -y +y"

€ (1) M" = (1(q1,21)[]"(0)|P) = €;,(91) 47 0teme"** 1920 Fpy (471, 43)

Diphoton width: Ty, = FaZ, M3|Fp,+(0,0) ’2, where, Fpy (Q?) = Fpqqy (Q?,0) = Fpyq (0,Q?) is the

single-tag TFF.
d?k Pi 1% x, Ky )
Fp.(Q?) = €22+/2N / / =
Py =¢5 ¢ \/Tx (27)° k3 +m3 +x(1—x)Q?
0.08_I LI | LI | LI | LI | LI | LI I-
- 1c(25) _EEES/DA 1 * No experimental measurement yet
= 0.06[ onopole fit ™| : 1Q 1
iy ! ~--- Monopole it 1o A monopole fit using A* = M@, is included for
[} = - .
<) . . comparison.
— 0.041 + PDG 2020 —
[SHE 1 ]
<< 0.02 y
0.0t [N TN N N A T T T N T T T N T A N A |=
0 10 20 30 40 50 60
QZ (Gev2) [L1202leJV]
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/Scalar0++
Two-photon TFF: .o 2V + ¥°

My, = draen{ [(01 - 92)8" — dhat] F (a3, 4B)+

1
o [ARBe™ + (a1 92)9195 — 714395 — Bt 4t ] 5 (47, 43) }
9

Width Ty = m’ngmM§|F57(0)\2, where Fs,(4%) = F{ (q%,0) = F?(0,4?) is the single-tag TFF.

* Belle provides the first measurement of the TFF, albeit with limited statistics.
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\
S 0 03\\\ —4-Belezor7 7| | NRQM (Babiarz 2019) I
g i » PDG2020 | | Lattice (Chen 2020) Ce
< 0.021- ; —
0.01 - - BLFQ (this work) —e—i
| T i | | PDG 2020 e
0.00IIII 1 1 1 11 1 1 11 1 1 1 1 1 1 1 1 1 1 P T TN T N N TN WO TR L T T T M N WO U N A N M N A
0 10 20 30 40 50 60 00 1.0 20 3.0 4.
2 G V2
0° (GeV?) [yyy (keV)

[Belle:2017xsz, Chen:2016bp, Babiarz:2019sfa, Zou:202 1mgf, CLQCD:2020njc, Li:2021¢jv]
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scalar 21+

p
Two-photon TFF: y., =y + "

The two-photon decay width of the tensor is determined by two helicity amplitudes,
)

* Belle provides the first measurement of the single-tagged FT_,y*y(QZ), albeit with limited statistics.

s

[T sy = SMr (|M++;0 24 (Mo

10_|||||||||||||||||||||||||||||_
] Xc2(1P) &=prrQ 1
oy L[ ) +~—¢— Belle 2017 |
> l *
ed/ ) |
[S]
<
S
T \
= |
- |
|
\
T O BN RN NN | N AR T B ST A AT AT A AN AT AT

0 10 20 30 40 50 60

QZ (Gev2) [BGHG:2017XSZ, L12021€Jv]

IGFAE ) | Radiative transitions of charmonium on the light front | Meijian Li



scalar 07 / vector 17~

e
E1 TFF: Yoo = J/W + 7"

V(i A )1(P) = B (@) el () = p,)?’_' vz ) = M)
S

D MV * il AY/ 2 oI 2
+C1(Q)Q(p.p,)2_M%M2V(eA/ P)[(p p)(p+p)—Msp Mvp],

2
Note that there are two TFFs and E; is related to the radiative width: I' = 24em M5 M —5 YV |E;(0)|%

9
M%/ ’ L T
E1(0) = Z/ /d rilrs +zry)1p§§/v ) (x,rL)tpsg/s(x,rL).
3-6 I 1 1 1 I 1 1
- = T T T | — B
Dudek '06 —_——— _
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[Dudek:2009kk, Chen:2011kpa, Delaney:2023fsc, Wang:2023nhb|
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/ vector 17 /Scalar ot
E1 TFF: Y(25) = Y0 + V"

(VR M) O)S(p) = E1(Q) [ (v %Xpﬂé:%%p@WVﬂ%4@W”
Sl

M
C 2 1%4
il )Q(p-P’)z—MEsz
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2
Note that there are two TFFs and Eq is related to the radiative width: T = 2”‘9‘”“ M5 M Y |Eq(0)]>

MZ = * -
E1(0) = VZ/ /fum+wW$fUWwa%wu.
2.4 l 1 1 1 I I 1 1 I 1 1 1
- T 4 Y(2S) = Xeo +Y
L T T T T T T T [ T T
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E1l TFFs
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Implication to charmonium-like mesons

T L T
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Summary and outlook

» We investigate charmonium radiative transitions using light-front Hamiltonian formalism that
incorporates relativity and nonperturbative effects

» High-quality fit to mass spectrum and parameter-free predictions on radiative widths and
transition form factors, in good agreement with experiments and lattice results whenever
available

» Future developments: high Fock sectors (e.g. gluons and sea), nonperturbative Hamiltonian
renormalization, hadronization process
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