Undrstanding two puzzling phenomena

under the unquenched charmonium spectroscopy
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Fig. 1 - (left) Yield of the dimuons from the 1968 experiments by Lederman and his
group. (left) Dielectron yield from Ting’s 1974 experiment. Source: Lederman L.
(1997) The discovery of the Upsilon, Bottom Quark, and B Mesons. In Hoddeson, L.
Brown, L. M., Riordan, M. & Dresden, M., (1997) The Rise of the Standard Model:
Particle Physics in the 1960s and the 1970s. Cambridge University Press,
Cambridge. p. 101-113, on p. 104.
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Most of the charmonium states listed in PDG

Development of charmonium mass spectrum

In the quark model, the traditional baryon consists of three quarks, and
the meson consists of two quarks.
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Development of charmonium mass spectrum
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Charmonium: The model G = e
E. Eichten,* K. Gottfried, T. Kinoshita, K. D. Lane,* and T.-M. Yan' Y(4660) BESIII
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853 PRL118 092001
(Received 9 February 1978) BaBar Belle BaBar Belle efel > wa n
A comprehensive treatment of the charmonium model of the  family is presented. The model's basic PRL931142001 PRL99 182004 EEILoBLa] 2001 R 200 X(4320
assumption is a flavor-symmetric instantaneous effective interaction between quark color densities. This ete” = Jlya*a~  ete” = Jlyata~  ete” — yw(3686)ntaT ete” — AA,

interaction describes both quark-antiquark binding and pair creation, and thereby provides a unified
approach for energies below and above the threshold for charmed-meson production. If coupling to decay Y(4008) Y(4360)
channels is ignored, one obtains the “naive” model wherein the dynamics is completely. described by « single

charmed-quark pair. A detailed description of this “naive” model is presented for the case where the
instantaneous potential is a superposition of a linear and Coulombic term. A far more realistic picture is 2005 2007 2008 2017 year
attained by incorporating those terms in the interaction that couple charmed quarks to light quarks. The

coupled-channel formalism needed for this purpose is fully described. Formulas are given for the inclusive —_—— '
e ‘e~ cross section and for e *e ~ annihilation into specific charmed-meson pairs. The influence of closed S O m an Y( 1 ) States h ave b ee n re p O rte d
decay channels on s states below charm threshold is investigated, with particular attention to leptonic and -
radiative widths.

. v . How to understand these Y states?
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Charmonium: Comparison with experiment Future Physics Programme of BESIII L _
v Parameters of the Peaks in e'e’ Cross Sections
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Y (4220) / ¥(4S)
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PRL 114, 092003 (2015)

Study of e"e” — wy,; at Center of Mass Energies from 4.21 to 4.42 GeV

Based on data samples collected with the BESIII detector at the BEPCII collider at nine center of mass
energies from 4.21 to 4.42 GeV, we search for the production of e*e™ — wy,; (J = 0, 1, 2). The process
ete” — wy. is observed for the first time, and the Born cross sections at /s = 4.23 and 4.26 GeV are

- e cck ending
PHYSICAL REVIEW D 96, 032004 (2017) PRL 118, 092002 (2017) PHYSICAL REVIEW LETTERS 3 MARCH 2017

Measurement of e*e~ — 7% 7~ y(3686) from 4.008 to 4.600 GeV and
observation of a charged structure in the 7 y/(3686) mass spectrum

Evidence of Two Resonant Structures ine'e” — z#' 2 h,

We study the process ¢ e¢™ — ' rw(3686) using 5.1 fb~! of data collected at 16 center-of-mass

energy (+/5) points from 4.008 to 4.600 GeV by the BESIII detector operating at the BEPCII collider. The
measured Born cross sections for e%e”

M =42095+ 74+ 1.4 MeV/c? and I’ = 80.1 4 24.6 + 2.9 MeV Jand the second has M = 4383.8 +

The cross sections of e ¢~ — z' 2~ h,. at center-of-mass energies from 3.896 to 4.600 GeV are measured
using data samples collected with the BESIII detector operating at the Beijing Electron Positron Collider.

— atr~yw(3686) are consistent with previous results, but with
ot el s The cross sections are found to be of the same order of magnitude as those of e*e™ — 7' 27 J/y and

ns from two structures: the first has

measured to be (55.4 = 6.0 £5.9) and (23.7 £ 5.3 + 3.5) pb, respectively, where the first uncertainties are
statistical and the second are systematic. The wy . signals at the other seven energies and the e "¢~ — wy
and wy, signals are not significant, and the upper limits on the cross sections are determined. By
examining the wy ., cross section as a function of center of mass energy, we find that it is inconsistent with
the line shape of the ¥(4260) observed in ¢*e™ — z"7~J/w. Assuming the g

single resonance, we extract the mass and width of the resonance to bg
(38 + 12 +£2) MeV, respectively, and the statistical significance is more
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ete” = yow 3. 4]

ete™ = h.tn™ [5]

ete” — mta y(3686) [6]
ete” — DD 1*[7]
ete” — 77/ [8]
et — KK~ J /9]
ete” — nJ/u[10]

42+£08 MeV/c® and I' = 84.2 £ 12.5 £ 2.1 MeV, where the first errors are statistical and the second

systematic.

with a statistical significance of 5.80. A charged charmoniumlike structure is observed in the 7=y (3686)
invariant mass spectrum for data at /5 = 4.416 GeV. A fit with an S-wave Breit-Wigner function yields a
mass M = 4032.1 + 2.4 MeV /2, where the errors are statistical only. However, there are still unresolved
discrepancies between the fit model and data. The width of the intermediate state varies in a wide range for
different kinematic regions within the data set. Therefore, no simple interpretation of the data has been
found, and a future data sample with larger statistics and more theoretical input will be required to better

understand

Cross Section (pb)

ete” = n'xmy(2S), but the line shape is inconsistent with the Y states observed in the latter two modes.
Two structures are observed in the e e~ — a2~ h, cross sections around 4.22 and 4.39 GeV/c?, which
we call Y(4220) and Y (4390), respectively. A fit with a coherent sum of two Breit-Wigner functions results
in a mass of[(4218.4777 £ 0.9) MeV/c~ and a width of (66.0"¢%5" + 0.4) MeV for the ¥(4220)) and a
mass of (4391.5783 + 1.0) MeV/c? and a width of (139.51)92 4 0.6) MeV for the ¥(4390), where the
first uncertainties are statistical and the second ones systematic. The statistical significance of Y (4220) and
Y(4390) is 106 over one structure assumption.

The lower-mass resonance is observed in the process ¢ ¢~ — 7' 77y (3686) for the first time

this issue.
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Y (4220) / ¥(4S)

The predicted ¥(4S) EPJC 74, (2014) 3208

The similarity between charmonium and bottomium
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Leptonic decay of charmonium

Dong Yu-bing,"? Yu You-wen,! Zhang Zong-ye,! and Shen Peng-nian®:!
! Institute of High Energy Physics, Academia Sinica, Beijing 100039, People’s Republic of China
*CCAST(World Laboratory), P.O. Boz 8730, Beijing 100080, People’s Republic of China
(Received 8 June 1993)

M(ll)4s) - 4273 MeV

The leptonic decay of charmonium is studied by using an error function confinement potential
in which the color-screening effect is considered. The relativistic correction of the quark-antiquark
potential is also included in the calculation.
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Possible effects of color screening and large string tension
in heavy quarkonium spectra

Yi-Bing Ding
China Center of Advanced Science and Technology (World Laboratory), Beijing 100080, China
and Department of Physics, Graduate School, Academia Sinica, Beijing 100039, China

Kuang-Ta Chao
China Center of Advanced Science and Technology (World Laboratory), Beijing 100080, China M ( ]I) ) — 42 62 M eV
and Department of Physics, Peking University, Beijing 100871, China 4S
Dan-Hua Qin
Department of Physics, Peking University, Beijing 100871, China
(Received 8 July 1994)

Possible effects of the col d fi ial are i d. A col d
linear potential with a large string tension T = (0.26-0.32) GeV? is suggested by a study of the c&
and bb spectra. The 1(4160) and v(4415) are, ively, assigned as the ¥ (45)-domi d and
the ¥(55) c¢ states. Satisfactory results for the masses and leptonic widths (with QCD radiative
corrections) of ¢z and bb states are obtained.

PHYSICAL REVIEW D 79, 094004 (2009)
Higher charmonia and X, Y, Z states with screened potential

Bai-Qing Li'? and Kuang-Ta Chao'
‘I)r[ml‘llm'm of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
:l)vpurlmvul of Physics, Huzhou Teachers College, Huzhou 313000, China
(Received 31 March 2009; published 7 May 2009)

We incorporate the color-screening effect due to light quark pair creation into the heavy quark-
antiquark potential, and inve te the effects of ened potential on the spectrum of higher charmo-
nium. We calculate the masse
screened potential model,
charmoniumlike “X, Y, 2
considerably lower than those with unscreened potential. The y,,(2P) mass agrees well with that of the
Z(3930), and the mass of (4415) is compatible with ¢(55) rather than ¢(4S). In particular, the
discovered four Y states in the initial state radiation process, i.e., Y(4008), Y(4260), Y(4320/4360),
Y(4660) may be assigned as the (35), ¢(4S), ¢(3D), ¢(6S) states, respectively. The X(3940) and
X(4160) found in the double charmonium production in ¢* ¢~ annihilation may be assigned as the 7,.(35)
and y.o(3P) states. Based on the calculated EIl transition widths for y ,(2P) — yJ/¢ and ., (2P) —
y#(2S) and other results, we argue that the X(3872) may be a y,,(2P) dominated charmonium state with
some admixture of the DD component. Possible problems encountered in these assignments and
comparisons with other interpretations for these X, Y, Z states are discussed in detail. We emphasize that
more theoretical and experimental investigations are urgently needed to clarify these assignments and
other interpretations.

electromagnetic decays, and El transitions of charmonium states in the
d propose possible assignments for the newly discovered charmonium or
states. We find the masses of higher charmonia with screened potential are

M(ll}4s) = 4274 MeV



Unquenched charmonium spectrum

State Mass Expt. [9] State Mass Expt. [9]
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Measurement of e e~ — nJ/y cross section
from /s =3.808 GeV to 4.951 GeV

Using data samples with an integrated luminosity of 22.42 fb~! collected by the BESIII detector
operating at the BEPCII storage ring, we measure the cross sections of the e"e™ — nJ /y process at center-
of-mass energies from 3.808 to 4.951 GeV. Three structures are observed in the line shape of the measured
cross sections. A maximum-likelihood fit with t,u(4040), two additional resonances, and a nonresonant
component are performed. The mass and width of the first additional state are (4219.7 £2.5 +

4.5) MeV/c?> and

second state, the mass and width are (4386 £ 1

(80.7 + 4.4 + 1.4) MeV,

respectively, consistent with the w(4230). For the

+17) MeV/c¢? and (177 4 32 + 13) MeV, respectively,

consistent with the y(4360). The first uncertainties are statistical, and the second ones are systematic.
The statistical significance of y(4040) is 8.0 and those for w(4230) and w(4360) are more

than 10.06.
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Hidden charm decay

Hadron loop
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FIG. 2: The « parameter dependence of the predicted branching
ratios, including BR(Y(4040) — nJ/y), BRW(4160) — nJ/y),
BRW(4220) — nJ/y), BRW(4380) — nJ/y), BR(p(4415) —
nJ /), and BR(4500) — nJ/). 10



The total cross section of ee™ — nJ /4y can be written as Scheme |

With the same cut off parameter

o (s) = |Mroa ()’ _
a (in Form factor) for each sate

The total amplitude is

i 603 ————— U(4040)
Muoa(s) = Mo(s) + ) ¢ M (5 sol ST
_ . 3 sof i
An exponentially parametrized background = 71
3 30F It * BESIIl @2023
_ _ _ 2 ~ [ — Fj
M](S) - g( \/E — My — m-”‘f’)ze s T 1e) ; 20F —_ ;;(I:kground
S
] . i ] 10
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\/ 1227 BW — nJ/¥)Ty
FIG. 3: Our fit to the higher vector charmonium contribution in the

2 .
S = mq’, + Emﬁﬁ’r 1} cross section distribution of e*e” — nJ/y within scheme 1. Here,
the data points are from BESIII measurement [10], the five dashed

\X sz_,z(S) lines represent the contributions of the higher charmonium states,

My(s) =

N the blue line represents the background, and the red line with a band
q)2—>2(m,,h) represents the total contribution and uncertainties.
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Scheme |1

With cut off parameter a from 1 to 5

80 80 : —

| - ===~ w(4040) 5 B, | === ¥(4040) 5 o P S ¥(4040) i s ot it

| — — — —y(4160) . v | — — — —y(4160) \ e [— — — —(d160) " . —o

L~ - ¥(4220) vt L - --- - ¥(4220) I asen [-=---- ¥(4220) ‘" —emr
_eof w(4380) s 7l eof w(4380) , sl 1oof Y(4380) ¥ s S
|, [T T ey ‘ L [T T ) “ | [T T Ty ¥ ’
S o s | SR S ol T
N ~ ' s - '
= 40f ! S 40t r S [ o '
= = = eok 1y \
T [ T T - ¥ 0
'Y A 0 1 2 3 4 5 N i, , . N [ ! o 1 2 3 4 5
t?i 20 _ e BESII @2023 *o ® BESIIl @2023 ‘v 40 B | e BESIIl @2023
S I —— Background ¥ 20t —— Background b : '1‘ —— Background

— Solution A —— Solution B 20 i ; == Solution C
| —— I [ -
0 1 ._".L PR RS T S IR ST SR S SN SR S SR SN S S S S T S 0 I 0 — = T
N N " , , . X X N N . . s N | N N N i i I 1 i i i 1 i L L L L L L 1 L L i A A A
3.8 4.0 4.2 44 4.6 4.8 5. ] ] ] 46 4.8 50 3.8 4.0 4.2 44 4.6 4.8 5.0
Vs (GeV) Vs GeV) Vs (GeV)

FIG. 4: Our fit to the cross section of the e"e™ — nJ/i process between E., = 3.808 to 4.600 GeV by scheme II. Here, the five dashed lines
represent the contributions of the higher charmonium states, the blue line represents the background, and the red line with a band represents
the total contribution and uncertainties. The insets show the branching ratios for each state with the central values and uncertainties in the fit
as shown in Table IV and are represented by the corresponding « values in the hadronic loop mechanism [in Eq. (4)] as shown in Fig. 2, where
the central values and the errors are represented by the solid black lines and the colored bands, respectively.
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The mass changes from 4160 MeV to 4190 MeV

120+ T ~ 30 MeV

—m—ete” — hadrons T

100F
. eTe” — hadrons
> 80F ® L . ete~ — hadrons
)
2 B+ N K+,{L+,U,
=)

® DASP (1978) +—= L

- ete” — D D*

40l ™ RAUE (2005) 1 D
& BESII (2008)
20F A LHCb (2013)

v BESIII (2023)

4140 4160 4180 4200 4220
Mass (MeV)

13



week ending

PRL 111, 112003 (2013) PHYSICAL REVIEW LETTERS 13 SEPTEMBER 2013

Observation of a Resonance in B* — K™ u " u~ Decays at Low Recoil
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FIG. 1 (color online). Dimuon mass distribution of data with
fit results overlaid for the fit that includes contributions from the
nonresonant vector and axial vector components, and the
Y (3770), (4040), and ¢/ (4160) resonances. Interference terms
are included and the relative strong phases are left free in the fit.
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FIG. 3 (color online). Profile likelihood as a function of mass
and width of a fit with a single extra resonance. At each point
all other fit parameters are reoptimized. The three ellipses are
(red, solid line) the best fit and previous measurements of (gray,
dashed line) the /(4160) [4] and (black, dotted line) the Y (4260)
[21] states.
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A puzzling phenomenon, where the measured mass of the (4160) is pushed higher, presents a challenge to
current theoretical models of hadron spectroscopy. This study suggests that the issue arises from analyses based
on the outdated quenched charmonium spectrum. In the past two decades, the discovery of new hadronic states
has emphasized the importance of the unquenched effect. Under the unquenched picture, six vector charmonium

states—lgb(4040), W(4160), ¥ (4220), ¥ (4380), ¥ (4415), and gb(4500)|—are identified in the 4 ~ 4.5 GeV range,

contrasting with the three states predicted in the quenched model. We reevaluate the resonance parameters
of the ¥(4160) using the di-muon invariant mass spectrum of B* — K*u*u~ and unquenched charmonium
spectroscopy. Our analysis indicates previous experimental overestimations for the mass of the ¥(4160). This
conclusion is supported by analyzing e*e~ — D,D*, which finds the ¥(4160) mass at 4145.76 + 4.48 MeV. Our

findings have significant implications for both hadron spectroscopy and search for new physics signals by R.
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The decay process B* — K*u*u~ can occur through three
distinct mechanisms, where the dimuon pair (u*u~) couples
to a Z° boson, a photon (y), or a vector resonance. These
contributions are represented by the amplitudes ALY (Z9),

AV (ZY and y), and A" The subscripts AV and V are
used to denote the first two terms, reflecting the axial-vector
(AV) and vector (V) nature of the couplings involved. The

total amplitude 1s

— AV \Y i, an
Aror = ‘ﬂnon—res + ‘ﬂnon—res + Z f-’le ‘ﬂres’ (2)
n

Vector Charmonium
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TABLE I: The masses and widths of higher charmonium states in
the range of 4.0-4.5 GeV, which were obtained from the theoretical
predictions [13-15], as well as some experimental values [3, 4].

States Mass (MeV) T (MeV)
Ww(3770) 3773.7£0.7 [3] 27.2+1.0[3]
Y(4040) 4040 =4 [3] 84 + 12 [3]
Y(4160) 4159 £22[4] 78 £22[4]

w(4220) 4222 44
¥ (4380) 4389 80
¥(4415) 4414 33
w(4500) 4509 50

TABLE II: The parameter values obtained from fitting the experi-
mental data are as follows. The factors f; (in units of MeV) are
chosen to ensure that the resonance amplitudes have the same di-
mensions as the nonresonance contribution. The phases ¢; (in radi-
ans) correspond to the seven ¢ states: ¥(3770), ¥(4040), (4160),
Y(4220), Y(4380), Y(4415), and ¢(4500), listed in succession.

Parameters (MeV) Value Parameters (rad) Value
h 46.37 £ 2.52 9y 0.95 £ 0.05
bi) 4.83+£0.33 0> 230+0.17
f 7.12 +£0.56 03 1.67 +0.11
Ja 8.85+0.56 04 4.36+0.32
s 9.87+0.74 ds 5.66 £ 0.42
b3 9.29+049 O 2.74 +0.20
fi 3.57+0.26 07 5.00 £ 0.30

( X'/dof. = om




1.5+
e Belle
2 o CLEO P(4160)+1P(4220)
~ 10} — Total
& T ----- W(4160)
T ol U = [BW/ (s) + BWs(s)e™]?
o, 051 " a(s) = BWi(s) + 2(s)e”|
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b ’ e S S & —_
¥ SETEEEEERSSs V12T TaBW — DiD;) \/m
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TABLE III: The fitting parameters 1,160y, 1 y4160), l"if and B, represent mass, total width, di-lepton width and branch ratio of ¢ — D,Dr,
respectively, and ¢ (rad) is the phase between the resonance amplitudes associated with the ¥(4160) and y(4220) in the e*e™ — D D? cross

section.
Parameters Best fit I II I IV

My160) (MeV) 4145.76 £ 5.48 4140 (fixed) 4150 (fixed) 4160 (fixed) 4170 (fixed)
Lyai60) (MeV) 104.83 £23.71 || 113.98 £24.01 | 108.78 £23.65 | 127.17+17.65 | 143.37 +25.24
T a160/Buaieo) (€V) 98.02 + 26.88 108.43 +29.8 109.14 £ 30.04 | 168.42+35.09 | 207.29 + 25.91
a0y Buao) (€V) 22.09 + 8.82 23.23 +10.00 21.32 +10.96 51.12 £ 34.72 66.81 +22.22

¢ (rad) 291 +£0.27 290 +0.23 3.01 £ 0.30 3.35+£0.23 3.25+£0.14
¥*/dof. 0.22 031 0.26 0.79




® Combining unquenched charmonium mass spectrum and hadronic
mechanism, explains line shape asymmetry in e¥e™ — nJ /i cross section.

® Taking into account the interference between the 1 (4160) and 1 (4220)
under unquenched charmonium spectrum, solving the mass deviation of

the 1 (4160).
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