Prospects for observing the missing 2D

and 1F charmonium states around 4 GeV
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Background



Charmonium spectrum
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Fig. 1 The J-y signal detected by Ting

and his group at BNL. The J- appears as
a quite striking peak in the distribution
of the total mass of the electron-positron
pairs.

However, the charmonium family is still not yet fully established, especially for
those high-lying states




From quenched to unquenched models

The discovery since 2003 of charmonium-like XYZ states challenged quenched models,
making unquenched models essential for constructing the higher charmonium spectrum.
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Unquenched charmonium spectrum
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Unquenched effects are essential for
describing higher radial and orbital
excitations

Currently, the understanding of high-
lying charmonium remains relatively
limited

Therefore, it is time to extend our
study and predict the higher radial
and orbital charmonium spectrum



The 2D and 1F charmonia



The Godfrey-Isgur (Gl) model

In the nonrelativistic limit, the effective To account for relativistic effects, two modifications
potential has a familiar format: are introduced. First, a smearing function is applied:
H=p*+ m%)”2 +(p® % m%)'/2 + Ve (p, 1), 3 3, o, ) o "
V(r) = fd Fp(r—r)V(r'), pir—r)=—zexp|-c?r-r|
Ve (r) = H™ + HWP 4+ H, d
Feont _ p darg(r) e Second, to account for the center of mass effects,
3r momentum-dependent factors are introduced:
1 Cornell potential ) 2\ p? 2
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Finally, the screening effect is introduced to account
H® = H%M 4 foote), for the unquenched effect, it is common to replace

the line potential with the screening potential
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The Quark-Pair-Creation model

‘B By applying the Jacobi-Wick formula, the strong decay

6 partial width for a given decay mode of A — BC reads as
' 4r(2L + 1
A 2 MJL(A — BC) = \/ ﬂ( hl ) Z (LO;JMJAIJAMJA>
2J4 + 1 M
7 C JpMic
x X (JgMy,; JcM . |JaM;, )
A two-body OZlI-allowed decay process x MMiaMipMic (p),

A — BC can be expressed as
Cacesc = =20 S ey,
(BC|TA) = 8> (Pg + Po)MMiaMipMic | my 47

The QPC model primarily dependences on the hadron

wave functions and the y parameter.
T ==3y ) (Im;1-m]| 00>fdp3dp46 (p3 + pa)

m,i,j

Here we use y = 5.84 and expand the wave functions
Xylm(p?’ 5 p4) 00 (0 (3)4) bl.(p3)b};(ps),  obtained from GI model with the simple harmonic
oscillator (SHO) wave function

The states |A4), |B), and |C) refer to the mock

R = p R’ Y”l p ’
states associated with mesons 4, B, and C. in(RP) = Ryy(R, D)Yin(D)
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Radiative decay

The quark-photon electromagnetic coupling is
described by

H, = Zeﬂﬁﬂ’yA (K, r),
J

The nonrelativistic expansion of H, can be
written as

h, ~Z[ejrj 2m _ - (exk)|e
j

The standard helicity transition amplitude A;
between the initial state |/;4;) and the final
state (/¢ As| is given by

Ay = =i @ (Jrap hel Jis),

lk'l'j
’

Finally, the partial decay widths for the electromagnetic
transitions are given by

kP> 2
= :
7 20+ 1 M, Z'ﬂ"'

We can use the multipole expansion to separate the
electric and magnetic transition parts as

Process Multipole contribution
n’S, & m'S, MI

n*P; < m’S, El, M2

n'P, & m'S, El

n*D; < m’P, El, E3, M2, M4
n'D, & m'P, El, E3

n’P; < m'P, M1, M3

Phys. Rev. D 95, 034026 (2017)

Generally the E1 channel is the primary channel of
electromagnetic transitions.
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The masses of D- and F-wave charmonia

® The masses of the missing 2D 4500 L $2s Lo 3F U S, F
states exhibit near degeneracy at 3'p, 30, 3D; i
. 2'Fy 2F, 2R 2’F,
approximately 4140 MeV — | -
2tp 2,\[)2 2*Dy
_ . 1Ry M2} e VF b,
® The masses of the 1F states exhibit — l DD
near degeneracy at approximately = | DD,
4070MeV = 110, 12D, : Dy DL
E 3750 6’:(3823) W3(3842) DD
® The masses of 1F states are close to
the D*D* threshold. 3500
® |n such cases, the inclusion of state 3250
mixing may increase the final masses.
|
27 n'Dy) 27" (3 Ds) 3 (n’D;3) 3 Fy) 2V RRFy) 3T Fs) 4T Fy)
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The decay behaviors of D- and F-wave charmonia

‘.’ID: Zjl)g 2303 |IF3 |“F1 I"F.z I“F.;
Mass 4137 4137 4144 Mass 4074 4070 4075 4076
Strong decay Strong decay
Mode I, (MeV) Br [y (MeV) Br Cipe (MeV) Br Mode [y, (MeV) Br Iy (MeV) Br [y (MeV) Br [y (MeV) Br
DD X X 3355 6.0% DD X 50580 44.9% X 81t 213%
DD 29508 51.0% 22945  47.1%  2184%  40.1% DD 67.8711%  86.1% 56470 S0.1% 8767130 920% 5979 155%
DD 27257 47.0% 240038 493%  288%7  53.0% DD 11032 139% 34 3a% 7673 8.00% 23970 629%
DD, X X 04707 0.7% D,D, X 22 1.9% X 01997 0.3%
DD, 1273 20% 18NS 36%  01%5 02% oal 78817 100% 1125125 100% 9527173 100% 38000 100%
Total 579795 100% 487720 100% 544K 100% Radiative decay
Radiative decay Mode [y, (keV) Mode Ty, (keV) Mode Ty, (keV) Mode Ty, (keV)
Mode [y, (keV) Mode Iy, (keV) Mode Iy, (keV) 1 Doy 249 1Dy 440 1Dy 295 1 Dyy 269
2Py 167 2pyy 128 2Py 213
1Py 58.45 2Py 63 1Py 41

The X(4160) as a candidate of n.,(2D) state

® For the 2D states, the dominant 2 700F— xaeo
hadronic decays are DD* and D*D* Z 00 E— xuson
= E — X(4700)
= : g 0F— xnr
® Forthe 1F states, the DD channel is 5 400E— X0
also a dominant decay channel. 2 F— xum
< 300 F — X(4685)
. T 2 -~ X(4150)
® The dominant radiative decay E'1 processes & E i 2, (4000)
exhibit branching ratios on the order of 0.1% 00 E .. 7,20

Phys. Rev. Lett. 127, 082001 (2021)
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The mass dependence

We presented the decay behaviors of these states near D*D* open flavor threshold
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Figures (a), (b), (c), and (d) display the partial widths as a function of mass for the h.3(4074), x.»(4070), x.3(4075) and y.,(4076) states

Their decay properties exhibit a strong dependence on the precise mass values,
especially for 1F states. This is most evident for the 13F, state

Therefore, precise experimental determination of their masses is crucial 13



Production of charmonium



Production through e e~ collisions

The e*e™ annihilation process is a primary
mechanism for producing charmonium states
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For example, among the 2D states, the 1(4160) is
predominantly observed in e*te™ collisions

Possible production processes of 2D and 1F states

JPC

states mode process my (GeV)
. ol ey g hadll AN

radiative decay wm2'D;) - - P - - - —  >42
2D ory2D) D D - - - - > 4.66
hidden-charm decay mu(2°D;) P F - >4.71
wn(2'Dy) - - P - = = = >49%

radiative decay wl’F) - - - § D D - >4l

| F 3T S

s wy(1’F)) - = - § D D - >485
hidden-charm decay WOF) = = = P = i D 46

The BESIII experiment has accumulated substantial
data around 4.2 GeV, while data at higher energies
(v/s = 4.4 GeV) are less abundant.

Radiative decay processes of 1(4230)
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Hadronic loop mechanism

To account for the sizable coupled-channel effects in high- d*q V,VyVs )
lying states, we adopt the hadronic loop mechanism for M= 21)* D, Z)zz)ET (q )s
production estimates.
2 —
e* y ¥ (g =( ) , N =mg+ (IAQC[),
po— g =AF
e X

| L= i gsTr[S oo HO%y* 8, A7),
Y i . v p DXI:_"’—5<D ; TB<DM Y r LD =l.gDTr[l)uV'[_—]Q-q(9 YVI:]QEI]

X Xez ~ Xa
Mww__<M~WV ) ) i NP it n D
D D’ ) o D o , o 0
P n v ) = v 3 - L L ¥ b o ¥ p - -EF — gFTr[F/JV HQ"G 69'}’ HQq]

PANAAN D MAAAAAS
' <D. i Gauge invariance:

=
h o o
>

= ] & 4 .Icz i p
A 5 D MAAANA MAAAAA p fa—
b m < » T<D' v D 9: MTOt = EﬁMTOt’ MTOtpzﬂ - 0"
N2 & Xz 2 X2 ' e Xex
0 D D o | :0' :. :D' i M — E M s -+ E M .
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The widths of chosen processes

® |n this work, we take the cut-off parameter « W00
. 00 0.0008

in the range 1.5 — 2 s 2
3 00 2 0.0006
. ) z 002 ‘; 0.0004
® The coupling constants are obtained from % i 5o
our QPC calculation 000 0000

1.5 1.6 1.7 1.8 1.9 2.0

%

® x.3(1F) production has a branching ratio
on the order of 107>, and the y.,(1F) state 013

=
=
=
‘e

s e
exhibits a branching ratio around 10™* = 2 oo
= 0.05 =§=().()()I
® The n.,(2D) state has an exceptionally 000 ‘ 0000
. . -9 1.5 1.6 1.7 1.8 1.9 20 1.5 1.6 1.7 1.8 1.9 2.0
small branching ratio ~ 10™7, suppressed i -
by heavy-quark spin symmetry — 1| soxise
24x10 >
3 . ;:.— 2.2x 1077 %4.5x 10"
® The 1°F, state is excluded from our study £ 20010 Z
because its high angular momentum strongly B s £
. . 35x107
Suppresses ItS prOdUCtlon l.(n(l(l"‘]‘ 1.6 1.7 1.8 1.9 20 0 L5 1.6 1.7 1.8 1.9 2.0
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The production cross sections

5
= = = TnauF
4 a=2.0
=3 a=1.75
- - a=15
=
-
1
(<)
0
39 44 4.5
20
= = OnallF
15k-jovns a=2.)
2 r=1.75
‘E- 10 a=1.5
&
5
AT 2 (f)
0 - e
39 4.0 4.1 42 43 44 4.5
\'rs_ (GeV)
0.00004 -
e a2TmanD
0.00003 -0 =20
a=1.75 .
) N
< 0.00002 - a=L5 | e
- AN
0.00001 .‘ '
7 (1)
0.00000
39 4.0 4.1 42 43 44 45
Vs (GeV)

We are able to calculate their scattering cross section o

ete 7YX
12T v Fw
2
/]

To quantify the model dependence, we presented the
results for three typical values: ¢« = 1.5, 1.75, and 2

o(ete” = Y(4230) - yX) =

s —m2 + imyTy>

® o(yx.(1F)) is suppressed due to D-wave production and
varies from approximately 0.5 pb to 5 pb, within the reach of
next-generation experiments

® o(yx.(1F)) varies from about 2 pb to 20 pb. Searching for
the y.,(1F) state viae"e™ - ¥ (4230) » yyx.,(1F) appears
to be a promising avenue

® 4(yn:(2D)) ~ 2 x 107 pb, showing negligible variation over
the chosen range of a. Therefore, the discovery of the
Ne(2D) likely relies on alternative production mechanisms
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1. Recent observations of charmonia above 4 GeV motivate this
investigation into high-lying states.

2. We perform a comprehensive study including mass spectrum (MGI
model), two-body strong decays (QPC model), and radiative decays.

3. Production via e*e™ annihilation is calculated, revealing promising
search channels.

4. With upcoming facility upgrades, our results offer valuable guidance for
experiments at BESIII, Belle ll, and LHCb.

THANKS!
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