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Charmonium(-like) States Mass Spectrum

Charmonium spectrum
04700 O
4660) i K3 X3 -] _
® Bellow DD mass threshold
500 V(5007 == Al 2oy : v' Theoretical predictions match well with
(L . e experimental observations
— Y(4360) 3p 3p G Y@3350) —
sz . —E b ! ® Above DD mass threshold
¥(4230) Xc1(4274) 2D 2D Reo(4240) 7, (4220) . .
DT a0 a1 X M}«mzom* L v A series of new particles are observed
S T —= o [ vosse I beyond theoretical predictions
4000~ o0 T T T T T T e T T U4 Z.(4020F T %’_{3?9%_)_) _ H H .
DD = 2p = —Good candidates of exotic states:
§ __P__D_] ________________ ‘. __)_(ﬂz_)_)ﬁ@()_)______________z\'.(3_9_12')._z_(‘(_3??0_): ______ hybrld States hadron molecule
3 5 rem ‘- oy 108 compact tetré quark, etc |
= I = y .
2.05) ® Roughly classified to 3 categories
b (P) Yei(1P) L X(3915) £+ 0++Jor2++ v X. ISO-Spin I = 0 with quantum number
3500 i X(3940,4160) 77 77 | —
— X(150) o other than 1
Xc0 “c . .
T v' Y:lIso-spin I = 0, vector states with
X(1050,4250)" 17 T 0 quantum number equal to 17~
J1 Godfrey-Isgur quark model i v 7 ISO-Spin Iarger than O
discovered before 2003 .
3000 _7c(1S) discovered after 2003 ] UE_
0*(0™*) 07(177) 07(17) 07(0™) 0f(1*) 0*(2*™) 07(277) 07(3™) 277 I=1 1=1/2 f:’
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Discovery of Y States

® Y(4260) § 95 142001 (2005)
v" Discovered with ISR process at BaBar in t*n~] /1 final states g » .
v Confirmed by CLEO and Belle latterly % i ]
v' Mass > 4 GeV, above DD threshold & WA A e as
v Not observed in inclusive hadron cross section: ) ] | | | % | | _
—disfavor charmonium state M iEAy ||||.LT|L Lol 1l
® Interpretation ! lT U: ||TT | f'%T A
v Is Y (4260) hybrid? 3 a4 4z DA r;(; wlj/\;;;'?c;e\l//é)s
v According to lattice QCD simulation, both the 17~ and 1~* 551 :
hybrid charmonium lie around 4.26 GeV o T {iaof-105

| PLB 660, 315 (2008)

® Family Members
v’ Latterly, evidence of Y (4360) was found at BaBar, Y (4660) LA
was discovered at Belle, both in ¥~y (25) final states o Rt
® More measurements is necessary to pin down its nature!
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Production and Decays of Y States at BESIII

T T ] — 1 T T T [ T T LR |

I 4180 ! § 1

4230 4420 | 4680

10°

2 F :
=1 I~ -
2102 ---- B ittt ittt it -
‘B = 3
o — 3
£ : ® X(3872) scan |
£

a2

|

of T TTTIm

Ldt (pb™)

| llllllll

10?

38 40 42 44 46 48 50 + Small scan sample, ~2.5 fb-?
Ecm (GeV)

46 sample, ~22 b

® BESIII can directly generate Y states by e*e™ annihilation
® BESIIl accumulate ~24.5 fb~! collision data events from 3.8~5.0 GeV

® Search for more Y states, study their properties and new decay modes
v Hidden-charm final states

v' Open charm final states
v Baryon and light hadron final states
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® | ots of progresses of the charmonium-like states have been made in hidden charm final states

Observation of Y States

v" More than those in open charm, baryon, and light hadron final states
v' Ways to search for:

« Combinations of Light particles and hidden charm mesons:

(n/KK/n/n"..) + J /Y /v2S)/n:./X(3872)/xcs )

0.25——————TF———T 0.4 [T 0.4 [~ Tttt —r—r—r——
L m y(4160) PDG2022 e Y(4260) PDG2016 - [ = (4415)PDG2022 e Y(4360) PDG2016 i [ e Y(4660) PDG2022 # Y(4660)-try(3686)
- O Y(4220)-mwiy A Y(4220)-nirth, ] 0 Y(4320)-nmhy A Y(4390)-nurth, i | ® Y,-nnX(3823) ¥ Y, KK
Y(4220)-7mp(3686) ¢ Y(4220)-w ki [ i ; i 2 s ’
0.20F = v(a220) il M \((4220)-:::)-5&?1c 3 0.3 o z(ff)?()s’gg)(%as) % z(ﬁ&g}‘;’”‘” ] 03 * YOO v Y,D, D, ]
L % Y KKy B Y-nZ, 4 -of : v -9 i
- ¥ Y(4220)-xDD* + YqDD* - o Yrx, = YasdR
— 015'_ v YD/ D, e e [ v Y ,-D.*D, . i
2 019 1 3 .k 15 F :
S Ik —+ 1 & o 1 S o2 — - ’
~ 0.10F 1 = : . ‘ { = - } 1
[ {"' ] 0.1+ + + -] 0.1 ~
0.05¢ & ’ [ 4+t : [ = ]
B + o [ i [
00'....|...+.|....' O-....I....l....l....l..- 0-_+|_|1ﬁ
P15 4.20 4.5 4.3( P30 " 435 440 445 450 P60 465 470 475  4.80
M (GeV/c?) M (GeV/c?) M (GeV/c?)
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Recent Progresses at BESIII

® cte” > KYK™Y(2S) arxiv:2407.20009

® ete” - KK ] /Y + c.c. arxiv:2510.13274 (Accepted by JHEP)

® ete” - wtnh, PRL 135, 071901 (2025)

® cte” - nnj /Y arxiv:2601.15882

® cte™ — nmP(2S) PRD 113, 092013 (2026)

® cte” - 7YY (29) arxiv:2601.02136
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ete” > K"Ky (2S) arxiv:2407.20009

3r ® /s:4.669~4.950 GeV, 2.5 b1
® Reconstruction method
v K*, K7, and J /Y, reconstruct y(25) with K™K~ recoiling mass
v Kt or K=, ¢Y(2S) » n*n~] /iy, missing the untagged K
v K*, K ,and Y(25) - ete  /utu~
v Kt orK~,y(2S) » e*te” /u*tu~, missing the untagged K
: ® The /s dependent cross section: —» No solid conclusion
05 My= (4786.7 + 18.8) MeV/c? v' Can be well-described by a BW with free mass and width
_,l C Ay =(1112+338) MeV v' Can also be described with Y(4710) (with mass and width
2 ’ (b) fixed) and continuum process

o(e'e = K'Ky(2S)) (pb)

/ ® The /s dependent R = o(ete KK~ P(29)).

o(ete >KtK~]/P)
: vV Ifete™ - KTK™y(2S5) and e*e™ - K*K~J/y proceed with the
051/ same mechanism, R should be similar to trend of phase space

—
III

v At 4.843 GeV, a deviation of about 2o with respect to the
: phase spaces is found — A distinct production mechanism for
051 ete™ > KTK Y(25)?

. PR ST U S T T S (T TR ST T U (U ST S RN T AT NN SN UN R
47 475 48 485 49 495 5
(s (GeV)

o(e'e - K'Ky(2S))
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ete™ - KK—n*J /Y + c.c. arxiv:2510.13274 (Accepted by JHEP)

o 157 o 15F . ~ -1
g T voomo +oa g T v +out ® ./s:4.396 04.950 GeV, 8.86 fb
'g é } — Fit result | ’5 ; — Fit result ‘ . e+e— N KL K—T[+]/¢ _I_ C.C.
+ 0.5 I + 0.5 .. - —_ —_
= OML,# 4 | = R T v Missinga K (K°/K°): K~ nt it~ (1 = e, p)
& . \\Tl‘\ RS E I — -
8°§—0.5§ ( [ 85—0.5% ‘ | ® cte” o KSQK ] /Y +c.c.
do g i v Full K(» trn ™)K mtitl-
O NSaE A a7 as s O T'YYTas e a7 as de v MissingaK*orn®: Kd(-» ntn™) (K~ /at)I*1~
Is (GeV) s (GeV) v Missa KJ(K°/K®): K~m*l*1~
= 150 o~ = 150 - ® The process is observed for the first time:
Qo g ata Q ala . s .
= 4 Y™ N e _ Fitresul 9.40 statistical significance with all data samples
SO0 b 2 | el summed up
g0 BBE \f‘ I ] T ~ | ® The cross section line-shape is tried to be described
% -0.5F % -0.5]- .
R 8y F with a coherent sum of BW and PHSP:
go 1o 8o - e .
2 T o N The significance of resonance contribution is less than
14445 46 47 48 49 %44 a5 46 47 48 49 . .
s (GeV) /s (GeV) 20 in all fits

® No any intermediate states in K, KK, KK, K] /1,
] /Y, or Kit] /1 system are observed
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— ® ./s:4.009~4.950 GeV, 22.2 b1
¢ Reon b ® ntn~h,, h. - yn., n. = 16 hadronic final states
e | @ Cross Section: A plateau like shape between 4.3 and 4.45 GeV drops sharply
around 4.5 GeV — cannot be described by two resonances only
® The inclusion of the relatively narrower third component proves crucial for
"1 reproducing the drop at around 4.5 GeV
® The statistical significance of three BWs model over two BWs model is
greater than 5o
4-'% o The mass and width of R; are consistent with Y (4230)

[
’ The mass of R, is consistent with y(4360), but with width ~100 MeV broader
A The mass and width of R; are consistent with Y (4500) in K*K~J /Y
—4— m*mhg, thiswork "

MeV)

68.3% C.L., this work
+— n*h,, Ref. [20]
—4— a'nd/y . B i .
b 7070 v" No obvious structure is observed at Y (4660): intension

T mmp(3686) with the hidden charm P-wave tetraquark model prediction

o0
i { £ « o0

JF

]

c0
mxce
Ow
n'D'D
4~ D*D"
—b— ndhyp

i | - P L " " P PR -
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.8_ Exclusive analysis
:’ i = Semi-inclusive analysis
Db vV Combined result
------ Phase-space
51 . )
L ¥ w x4
¥ .
ML v' w -
v LA A vi?,/, -
i gj w° .
O A R B
4.2 4.4 4.6 4.8 5
/s (GeV)
&;20 = —3— Data at 4.26 GeV
S N —— Fit result a
() C I signal
=15H 1y
o N 'ny(2S)
w B <’ iy
-~ 10 ISRy (2S)
0
R [ Others
e
c
T 5

LT R X
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® /s:4.226 ~4.950 GeV, 15.1 fb~1

® Exclusively reconstructing nn+ J /¥ - IT1":n - yy/atn "
v An observation with significance larger than 50: 4.682 GeV
(5.70) and 4.750 GeV (8.90)
® Inclusively reconstructing nn(missing) + J/Y - 11 17:n - yy
v" No observation with significance larger than 5¢
® Upper limits of cross sections are set with 90% confidence level
® The combined upper limits show a strong deviation from phase
space around 4.4 GeV, however, no clear structures are visible
® The isospin partner to Z.(3900) is searched for, but no significant
signals are found
® The statistical significance is low: the upper limits for e*e™ - nnj /Y
also serves as thatforete™ » nZ.,,Z,. - nj /Y
® More data samples are needed to draw solid conclusion

10
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ete™ - np(2S) PRD 113, 092013 (2026)

® /s:4.840~4.950 GeV, 0.9 fb~1
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® Partial reconstruction of nn(missing) + Y (28)(» n*n J/PY(= 1717 )1 =e,u)):n - yy

® 1),(4360)
v The exotic charmonium-like state with J°¢ = 0=~
v Abound system of D*D,(2420)

v" Distinguished from 1™~ vector charmonium states with the angular distribution of the outgoing n

® No significant signal of the y¥,(4360) is observed

® The upper limit of a(e*e™ - nP(4360)) * B(1o(4360) - mp(25)) and a(ete™ - nmp(25)) are set

with 90% confidence level

U.L.of a(eTe™ - nmmp(25))

] [ T T T 1 /s(MeV)|L (pb~') Nobs Nsg N (1+<§§§$) (1+5Vp)' € (%) oo™ (pb)V oY% (pb)
2~ —+Data ] 2" ~+Data E 4843.07 | 52516 0 0.07359 <20 0.706 1.056  10.7  0.0%5g <23
v F _Li‘.‘g"::.'vﬁc“” ¢ 1 % | gommde ] 491802 | 20782 0 00%)9 <20 0750 1056 97 00739 <6.0
% 15F 41 3 15F . 4950.93 | 159.28 1 1.0%y7 <3.6 0.762 1.056 9.5 3.973°+02 <15
= 1 = | ]
= 1@ t 3 U. L. of a(ete™ = nipo(4360)) * B(1h(4360) — np(25))
2} B ] @ i - .
s | : :5;05 Vs (MeV) | £ (pb™") NY" (1+5i%) (L+3dve) € (%) o B (pb)
- 0'5:_ E ' 4918.02 207.82 <2.0 0.676 1.056 9.6 < 6.8
i I ]k ] F T .. 4950.93 | 159.28 < 3.6  0.687 1.056 9.8 < 16
966 3.68 3.7 372 825 43 435 44 445
M(r*-J/ ) (GeV/c?) M(n, v (2S)) (GeVic?)

Mass window for ¥ (25) Mass window for 1y (4360)

NPy (4360) threshold — 4.9 GeV: highly suppressed due to the limited phase space

11
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ete” - m'n®P(2S) arxiv:2601.02136

100 E_ — Fitresult . ~ -1
& s8of Solution I - e Bw My 4230y = (4234.4 + 3.2 £ 0.2) MeV/c? ¢ \/05 4.008 04'950 GeV, 22.1 ﬂjr _
2 eob intererence | Tycazz0) = (17.6 + 8.1 + 0.9) MeV ® (- yy)n (= yYR2S)(— nTrT] /),
2 a0 J/W - U =eup)
8 E My(4_390) == (4‘390.3 i 6.0 i 0.7) MeV/C2 . ! .
= 20 I — (14334 10.0 + 05) M ® The obtained cross sections are found
T OF A | Trason = (14332 10.920.5) Mey to be ~one-half of those in charged
& -20F- . . My 4660y = (4651.0 £ 37.8 + 2.1) MeV/c? , == , g
() - - —
T —of ete” >t P(25) ycaseo) = (155.4 4 24.8 % 0.8) MeV mode— Con3|stent.W|th isospin

60 PRD 104, 052012 (2021) symmetry expectation

O T ® Fit with a coherent sum of Y (4230) +

= |- SN Y(4390) + Y(4660) + Non —
4 41 42 43 '_4.4 4.5 4.6 47 4.8 . .
's (GeV) resonant contribution
e |- Soltion T —I—?a:ta ) My (4230) = (4234.4) MeV/c? (fix) ® Resonance parameters are consistent
o - - ! — i resu.
< --- Single BW [y (a230) = (17.6) MeV (fix) between charged and neutral modes
;g o,y T Non-resonance My(4_390) — (4383.0 + 86+ 1_9) MeV/cZ o The parameterS Of Y(4390) (> 50-) are
= b Ty(asooy = (117.4 + 20.7 + 4.8) MeV consistent with previous measurements
; - § My (4660 = (4684.0 + 17.3 + 1.9) MeV/cZ. The parameters of Y(4660) (> 50') are
® o ki L — 002;«\&1 [yass0) = (119.5 + 47.1 + 9.1) MeV roughly consistent with previous
I e”e _’“” n }{’( )43 — measurements

Vs (GeV
s (GeV) 12
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Summary

® BESIII has made new progresses on Y states in hidden charm final states
ete”™ > KTK~yY(25)
ete” > K'K—ntJ/y + c.c.
ete” >t h, X102 Upgrade BEPCII
€+€_ - 7777]/1/) T, 8x 102 S
ete” - nmp(2S) 3 \. 3L sren
ete™ -» 1% (29)
® There are still puzzles in Y states }"\\-
® BESIII has a good opportunity to contribute more ) J
v BEPCII upgraded in 2024: i

* Higher luminosity in the XYZ region 20 3.'0 40 50 56

* /supto5.6 GeV Ecm (GeV)
® More analysis on charmonium-like states in hidden charm final states will

come out in the future

BEPCII

DN N N N NN

6x10%}

4x10%

Peak luminosity (cm™?s

,/

51 4BD 4 > 36} 2 28 1 118 13
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Summary of a(e*te™ - J/P + X)

100 o~ 50¢
E —+— XYZ data a F - ) F ‘ 5 Eot,o— 980 Data
90E, t+ + L = 100  o®BESI(2012) | o®BESH(2015) | & 45E€ € >
g BEete” - T T /Yt risan A 4 BESIII (2022) $ This work — Fit result E remenn | | 8 asceTe f0(980)] /1t e
:\E/_ 70 ; §=3-8713 K] r -—Y(4230) ---- Y(4500) ----- Y(4710) . &0 __e+e_ EEN n]/lp 1 o® This work % 35;
S o —F AN gt [ £ sor
koo & Cpere — KUK U/ = F | Lo
E 7] L S ,0F Q  20F
& sof 2 4 F o T = 1sE
% 20 6 C o 20— ' i A\ l 10E-
- R i | o 1%
o 3 2f RS T g s f
(77 o { - TRRERR YL TR S STy
s 4. e 8 [0 g PRD 109,'092012 (2024) _ 4 . . PRD112,092013 (2025)
= o"l'" e "I’ ""-' """ R 8 OF = 20 T ot B ST S .
-4 3.8 4 4.2 44 4.6 ‘ 3!8‘ = J; = '4!2‘ ' 44 ‘ 4.6' ‘ ‘4.8‘ = é '171 4'2 ' — * 2.4
Vs (GeV) Vs (GeV) : /s (GeV) 4.3
= 50 T . e
2 ?+€ - T[OT[O]/ +data 1 ' ' :"'-‘ 0 ' + , ®) | _ 120¢ — Daia
= 401 —Fit By 4= @ Data L — Fit result (d) - - e e —n ]/l/) 8 100 ) _5?4230)
% g ~=Y(4220) 19 Y(@4230) ¢ % (4500) 15 4 = :€+€_ N (T[ T ) 320)
® YF V(3200 = Y(4710) :e+-e— - KIKOJ/p {2 PRD 101, 012008 (2020) | =, so[* s-waeLHl"
'T F 4N - NonRes 15 H v S H eo:
QL 20 o 2 :E I
& = . - & F
E- R = e :°¥"’ ‘?- 2 ? 40 /
110) = Sy G 41X {17 o r
12 ® 2°}:Jlil” :
0 b () E ¥
\3—’\;- 1?* ' i 3° . \b, * 1 4F DDPN-119% N0OYN12 (909 )
Sl T] S S - R e h . Py S L 2 ——— 5 OFee e 112, 03201312025)
ke 033 a a2 i a6 L1 ' ' U=t A -
°e 5 (Gev) - 22 43 44 a5 a6 44 a2 4.3 a4 25
S 15E \s (GeV) \ Is (GeV) Vs (GeV)
ol E ete = KOK- +]/l/) + Data ’.g_ 10F «  Exclusive analysis
\jr - T —Fit result :,_’ i = Semi-inclusive analysis
g - Db v Combined result
+ B | (T e e e i e e Phase-space
z 4 rete” -l /y . . o
N St A Statistics are low
35 0% arxiv:2510.13274 I e i
io 4 B R S
(O3 — I
32 b L e v arxw 2601 15882
— I TR T S [N TS N (NS ST T S [N ST ST ST S (N ST SO S S NS S !’_'!'_____--"
1'54.4 4.5 4.6 4.7 4.8 4.9 0 ;;2 L -4!4 N ‘416 - .4 5 A é
\_ (s (GeV) 2 A AR Gew) 15
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Summary of a(e*te™ — P (25)/Y(3770)/Y,(3823) + X)

20 - ~.
100 - — — L +,o— % —o— olkg K y(3686) + - 01,0 C -@- Born cross section
g 80E iggg::: gg;s?‘)’voé(* - T[+T[ lp(zs g 15 i ce T]l/) (gﬁ)Ref [24] —~ 6f O omell § vo6so) ee = KS KS lp(ZS =) 200 } ¥ Upper limit at the 90 % C.L. @
-8. -4 BaBar = — " ) F—= (K'K y(3686)) g 5
= r . —_ C . = 5F v Upperlimit ofo(K'K 4a68§)) . . — r ’
5 el +Bele  ppp #l 052012 (2021) Q\ - —— this work 3 Statlstlcs are IOW S 10| v
é: 403_ | { + +‘{:%‘ g 10:— PRD 09, 112004 (2024) C% 3; % 1005_ M e+e_ - 7T+TL'_ (3770) M
& aof dj#W _L#ﬂ T o *jf T sk siS ! ‘ M
s B iy e Sf ;I i | | 1 ; I sof { .
N L T R e | A SR IS
B L ATTTTR TP T : LE e OF BRI 100, 033008 (3019)
4 41 42 43 44 45 46 47 42 43 44 45 46 47 48 49 E Fes a7 amsas  ass s 495 21 42 43 44 45 4.6
s (GeV) s (GeV) N 5@GY) s (GeV)
—e— Data L o)
B D 253 wies) 5 [ ete" > KK yY(2S =3
2 OF Solution el _ 1 z:;;;sfg; 8 . P Es) = 6Lt tnY,(3823)
= 0 Single BW 8 & = - — Two-BW fit
= l[ete™ - n'nlyp(25) Sns = RD 110, 052008 (2024) |& f T o oneswit
gur s. S A & o4l PRL 129, 102003 (2022)
z i arxiv:2601.02136 |3 N [y = I
€ .0 \ 2 N Q®
iy il | S 2 i o F 3
2ol il N\ l; ° 2 = 2:
3 o o T S s A rere Iy et B T g osf +§ L
L Y SIS W TR N 8 UL T PRI ¥ PN s e S o s 0
P S N NN T T T A ST S SR RS S R S T Y 4.65 4.7 4.75 4.8 4.85 4.9 4.95 Ok 4 (T N T T T
4 4.2 44 4.6 48 5 Vs (GeV) 47 475 48 485 49 495 5 505 5.1
s (GeV) is (GeV)
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Summary of a(e*e™ - x4 + X)

5 ( 5 L] sserved cross section )
a * g_ e + e o ¢ --Data 100 __ _+_ This work v 8:)])91' lilinif at 90% CL TXCO
9o 5E Xco L
% E = . —- BESIII 2015+2016 , T PRD 103, 052010 (2021)
S10F —Fit = L _ 5
£ I ~ ete™ > wye = ! ete” - ntm
T 5F < 50 icti = “Xco
TooF i g % PRD 99, 091103 (2019) Statistics are low b% 1
o O ; e | | } } \ } ‘
%b '5;_ ~ l PRD 111, 012016 (2025) ° (YR S e 0 | ‘ \ I - ‘
A0F i
F 120425 430 435 440 445 450 455 4.60
ST R YIS ST Y B (GeV)
Vs (GeV)
—_ 1 O r (b) _+_ D — [ —e Data 25 ®  Observed cross section TX
'8_ 8| SE=ShClS ata -8. wiete” — YXc1 tﬁ}g%sauét pof T pperimaroCl el
= I —Fit = a2 I v PRD 103, 052010 (2021)
g e ete” = Pxen 2 S oF —me T e g
T 41 JHER 01, 132 (2023) »?s ? 10 PRD 104, 092001 (202]}) e 0 I
o of 2o 1H I N\ i ] { | v TIH IT }
% 20 'I % i ®© of { ] 00 Ill I .
R A R P R e 0 L E ]
9-.5 46 47 48 49 5 4.4 4.6 4.8 A0 e 8e a1 us 43 a4 a5 46 | U0 im im i 430 10 435 150 455 460
5 /s (GeV) Vs (GeV) /s (GeV) e (GeV)
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