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* Introduction
* Recent progresses about charmonium(-like) studies
* Summary
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Studies of charmonium(-like) states
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Exotic states with hidden charm

Conventional hadrons

Meson

Non-standard hadrons
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Hybrid

Pentaquark

CZY & S. L. Olsen, Nature Reviews Physics 1, 480 (2019)
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Primarily studies the properties

of charmonium(-like) states,

including but are not limited to

e Searching for new states

* Determining the internal
structure

e Measuring masses and
widths

* Measuring transitions and
decays

e Searching for new decay
channels

Better understanding
strong interaction




BESIIl at BEPCII

EMC: Csl crystals
AE/E =2.5% @ 1 GeV - Barrel
AE/E =5.0% @ 1 GeV - Endcaps

or = 80 ps Barrel
o1 = 110 (60) ps Endcap

MDC: small cell & He gas
Gyy= 130 pm
o /p = 0.5% @1GeV
dE/dx = 6%

Magnet: 1T Super conducting

Center of mass energy range: \/E =2-49 GeV

Single beam current: 0.91 A

Crossing angle: 11 mrad

Design luminosity: 1-1033 cm-2 s-1

= Achieved luminosity: 181-1033 cm-2 s-1
2024-11-1 zhuk@ N ZE A - &



How to study
charmonium(-like) sates
at BESIII

* Below charm threshold
« 2.7B Y (2S) sample
* Transitions from Y (2S5)

* Above charm threshold
« 20 fb~ 1 collision data @ 3.773 GeV
« 22 fb~1 scan data above 4 GeV

* Line shapes of cross -sections for Y,
whose (radiative & hadronic)
transitions for X and Z
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Recent progresses

* Precise cross-sections of ete™ — open charm

e Cross-sections of eTe™ — hidden charm (5N&, RIEIL)

* Cross-sections of eTe™ — light hadrons (bayon involved or not)
* Coupled channel analysis and partial wave analysis

* n./N:(2S) decays and new 12% rules (#iiE~F*)

* X¢j» he, Y(25) decays, non — DD decays of (3773), relative phase
angle of strong/EM amplitudes of ¥ decays (WiiE~F, RYFYF)
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Precise cross sections of 700
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.081901
https://arxiv.org/abs/2403.14998
https://journals.aps.org/prl/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.171903

Cross sections of ete~™ — hidden charm

cle'e>w ;(_01) (pb)

BESII

Phys. Rev. Lett. 132, 161901 (2024)
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BESIT  arxiv:2407.20009, submitted to PRL
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ete”™ » KYK y(25)
* efem - WXc1/2
c etfe" > KYKJ/Y
c efe” > K'K™n,
« ete” - KTK™ y.o (arXiv)
« ete” - KKh,
. e*em - K*K-y(3770) (PRD)
+

.« ete” - KYK~X(3872) (PRD)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.161901
https://arxiv.org/abs/2407.20009

n.(15/28) decays, extend 12% rule of Y(15/2S5)

BESIT  arxiv:2408.02940, accepted by PRD

_|Hr[7h-f25}—*hJ __ Br(3p(25)—=h) _
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Submitted or published in 2024:
n.(28) » pp,ww,wp, K"K n, K*Kn',2(n*n™)n (including n.(15)),2(n ™), KK«
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https://arxiv.org/abs/2408.02940
https://journals.aps.org/prd/

Ways to beyond the limited statistics (analysis)

* Partial reconstruction and more decay channels

e+e— - ¢Xc0/ncz(1D)

Xc0 Full |[Miss K+ Miss 7+| Miss 7°
Decay KEntnO Kt rt a0 K+ a+taO K+ nt 70
T 2 201 202 10- - -
rta—a%x0 2 221 2212 122 21
KtK—#a%tx |4 203 204 10]- - -
2wt ) 2 401 402 30- - -
3(wta) 2 6 01 6 02 5 0- - -

* (deep)

Various reconstructionsin ee™ - KK~ (25)
« Approach (i):tag K*, K~, andJ/y fromy(2S) —» X J/y
« Approach (ii):tag KTor K~, and y(2S) withttn~] /1y, 1C
* Approach (iii):tag K*, K~, and ¥ (25) with [*]~
« Approach (iv): tag K*or K~, and y(2S) with [*]~, 1C

machine learning and Al assistant?



Ways to beyond the limited statistics (data)

BEPCII will upgrade in both Lum. and Max. E
: 8x 10%
* Luminosity is increased by a factor 3 : e .s\&\. 3l o
2 6x10 @
@ 2.35 GeV /. 8%
* Maximun beam energy is increased up = 4x10% Yt W 3
to 2.8 GeV s oo A
2x 10} z
'.’o. (R
s~ .
1.0 2.0 5
Beam energy (GeV)
2020 Jun. 2021 Apr. 2022 Jul. 2024
White Paper of BESIII Feasibility Study Report Design Finished Shutdown for Installation
BEPCII keep running
Internal Review of Accelerator Project Approved Commissioning

May. 2020

2024-11-1

Fabrication Finished

Jul. 2021 Jun. 2024
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Accelerator physics

Key Technologies: Double beam power & Optics upgrade & ngher gradient of magnets

BEPCII | BEPCII-U | BEPCII-U

@ 2.35GeV @ 2.35GeV @ 2.8GeV
L [10%em™2571] 3.5 11 3.7
By [cm] 1.5 1.35 3.0
Beam current [mA] 400 900 450
SR Power [kW] 110 250 250

$ylum 0.029 0.033 0.043
Emittance [nmrad] 147 152 200
Couping [%] 0.53 0.35 0.5

Bucket Height 0.0069 0.011 0.009
0,0 [CcM] 1.54 1.07 1.4
o, [cm] 1.69 1.22 1.6
RF Voltage [MV] 1.6 3.3 3.3

P a2l i a2
i \

I o 19 g0 £
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%y &' L S 2 i A g
QST Institute of High Energy Physics Chinese Academy of Sciences

C.H. Yu @ BESIII 2024 autumn workshop

No dedicated SR operatlon only parasitic SR
experiments, 10 months/year BESII|I tlme.



- Status of BEPCII upgrade project

BEPCII Operation plan

« Sep. 2021 — Jun. 2024 Data taking at y (3770) for 20fb!

e Jul. 2024 — Dec. 2024 Summer shutdown for upgrade

« Jan. 2025 — Jul. 2025 Data taking at beam energy 1.843GeV w (3686)

« Aug. 2025 — Sep. 2025 2hd SC magnet hor. test & the 4™ RF cavity installation
« QOct. 2025 — Jul. 2026 Data taking around beam energy 2.35GeV (project test)
* Aug. 2026 — Sep. 2026 2 SC magnets installation & LINAC final upgrade

* QOct. 2026 — Sep. 2028 Data taking within beam energy 2.1-2.5GeV

« Sep. 2028 — Jul. 2030 Data taking within beam energy 2.5-2.8GeV

W& TOHEULLERMEH C.H. Yu @ BESIII 2024 autumn workshop
QST Institute of High Energy Physics Chinese Academy of Sciences



A short term plan for next two years

¢ A Shortterm plan for 2025-2026: [9/fb + 18/fb]

® 4.61-4.75GeV, 10 points, 7.1/fb in total [114 days] = Y(4710),Y = Z_
Zg:'} In both open charm and hiddern charm processes

¢ PlanB: 4.61-4.71 GeVfirst, 3.4/fb in total [55 days]

"o 1600 ‘
® 4.4-4.6 GeV, add 7 points, 20 MeV step, 3.5/fb [56 days] = Y(4500) e »
® data samples around 4.7 GeV for Zcs, 2-3 points, 2-3/fb each, 1200
exact enery to be determined from the scan result [76-144 days] 1000 MR SRS Sl
® 476 -5.0GeV, 25 points, 18.2/fb in total [319 days] » ®
L. HOYOXOXON # § s oo scsee
& Compitition from Belle I w @ . —1
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Thanks for your attention!
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Search for new production mode of X(3872)

* X(3872): JP¢ = 1t very narrow, mass quite near to DD*threshold

 Known X production modes
* B decays
* Double c¢ productions
* yy collisions
e Charmonium/Bottomonium(-like) decays
* Prompt processes in pp collisions

* At BESIII
vete” » Y - yX(3872) [PRL112,092001 (2014)]
vete™ » Y - wX(3872) [PRL 130, 151904 (2023)]
? ete” > Y - ¢pX(3872)

2024-11- zhuk@ 5 LRI EEF £
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Events / 0.002 GeV/c?

Analysis method

* 368.5 pb™! ete” colliding data at /s = 4.914 and 4.946 GeV
*d > K'K™,X(3872) »n ]/, ]/P —>eTe” or utu”

* 6-track: 4Cfit, ¢ and J /Y mass windows of signal and sidebands

e 5-track: missing one K, 1C fit, mass windows, and MUC for u PID

5

3 S 5
L == [l . == Cala o == [ata =+ Dt
G-trachk - By -l L . - -1 -
4 ! — Signal MG b, e — Signal MG o po ik —_ Signal MC b : — Signal MG
B Backgrours = B Background = 4 B Background = 4 B Background
& O [ 0
3 = 3 & i o 3
=] = F =
2 =z < 2F 22
9 O #
|5 5 1f & 1 "
o .
! 21 - | i I
0 . P A ] 0 . ,:}'....l.u.-.—:‘.i.|.'-...|....| 1] AP RS B P P B
3 305 21 315 3.2 085 1 1068 1.1 115 1.2 3 805 31 315 32 095 1 105 11 15
M) (GeVies) MK K (GeVied) M GeV/ie®) RM(m ) (GeVie?)
1 5 r 1 ' b i F 'l|
(a) (b) (=) (b)

6-track 5-track



Results

Almost
no
signal
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Events / 0.003 GeV/c*

Events / 0.003 GeV/c*

G-track case at 48914 Ge¥  —+ Dain

— Bigral MC
4 Il tarkground
Eldhbans
1

8 382384386388 3.0 302364
Mz diw (GeVic?)

(a)

5
G-track case at 4.946 GeV =D
— Eigral T
4 Il iiscigrmund
Siibans
3
e
1

3.8 3.823.84 3.86 3.88 3.9 3.923.94
Mz Jiw) (GeV/ic?)

(c)
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Events / 0.003 GeV/c*

Events / 0.003 GeV/c*

S<trmck case at 4,914 Gy T+ Dale
— Biynal MC
4 [ EEL LR
Sl

1 J 1

38 382384385388 30302307

M=) (GeVic?)

(b)

5
S-track case at 4,946 GeV =D
— Blynal MC
4 | RIS
5 b B
3
)
1 [

0 I
al
Mir*m i) (GeVic?)

(d)

IR R PP Bt S PP
3.82 3.84 3.86 3.88 3.9 3.92 3.94

6-track

5-track
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Upper limits of the cross sections

o(ete” = Py.1(3872)) - Bly.1(3872) = ntn~J/y]
Nﬁig
‘{:int{] + ﬁ) [—IT

By Phys. Rev. D 110, L031103 (2024)

\/I ‘Eint N{Jh:-; Nadh Nl.:_li:rnd] (1 +6) e e
BESIT 4914 20811 0 1 170 069 197 "‘R-Pb

4946 16037 0 0 200 0755 208 7.0(0.96) b

%,;_f,.l:fm?z]f%;,.l <9 same order to Oy (3872) /Oy, ~ S
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.L031103

Search for ete™ - KTK Y (2S
YP(2S) .

* Y interest
o ]PC — 1"
* Overpopulates the prediction of
potential models

* Not in the R-value structures, and favor
hidden-charm final state /

* When strange-quark is involved

E-_—{“Jf BESIN(2022) 4 This work —Fit result
[ —¥(4230) = - Y(4500) -—Y(4710)

Dressed Cross Section (pb)

ete” > K'KJ/y

Extension from to Y (2S5)? CPC 46, 111002 (2022)
J/¥ 1o $(25) PRL 131, 211902 (2023)

2024-11-1 zhuk@ 58 M LR HE- & 25



Search for eTe™ - KTK~y(2S) [cont’]

* Zinterest
* Non-zero iso-spin, good tetra-quark candidate

* From Z. (] /3) to Z 4 (K]/lp)

i

2024-11-1

‘ —4-Data 9 fb*
F —4- Total fit

F -4 No Z_, fit
- —  Z..(4000)

LHCb ,-:":if 4T,

J/ﬁ'

€ (4.35,4.45) GeV ]

3.8 4 42 38
My, [GeV]

4

PRL 127, 082001 (2021)

4.
My K [GeV]

BESTL -

= = I %
[ IR s T & |

Events / 10 Me\V/c?
L}

W= o

8

(s =463 ~492GeV

o T = AL 31
39 4 4.1 4.2 43
M, (K=J/) (GeVic?)

PRL 131, 211902 (2023) 21

Again, extension from J /Y to Y (2S5)?



Analysis strategy

* Data sets: /s = 4.699 — 4.951 GeV, 2.5 fb~ !

* Various reconstructionsinete™ - KTK~Y(25)

K=, andJ/yY fromy(2S) - X ] /Y
 Approach (ii):tag KTor K=, and ¥(2S) witht*m =]/, 1C
 Approach (iii): tag K*, K=, and ¥(2S) with [*1~
 Approach (iv): tag K*or K=, and y(2S5) with [*]~, 1C

e Approach (i):tag K™,

3.65 3.7 3.75
RM(K'K) GeV/c?

Vs = 4.843 Ge\

T~

3.8

No peaking background from inclusive MC



N.
ﬁintffr‘(l + é)ﬁ |

Cross sections B =

BESIT . -
2 250 (a)
% 2_ (a) Both BW and Expo functions can fit the data well
< 1'55 T M = 4787.7+ 17.7 MeV, I’ = 110.3 + 33.9 MeV
I reB(Y - K*K~¢(25)) = 0.13 £ 0.02 eV
% 0.5;
Df. Ll
2p
@%1.{
ScT i‘r%i (b) Solid line represents PHSP, 20 deviation at 4.845 GeV
o 2 '05 Indicate distinct production mechanism
o5 of
© -
0.5}

47 475 48 485 498 495 5
Vs (GeV) ) .
arXiv:2407.20009, submitted to Phys. Rev. Lett.
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https://arxiv.org/abs/2407.20009
https://journals.aps.org/prl/

Search for Z ., = KTy (25)

resonance

Two fit assumptions (interference is ignored)

I: low mass, high reflection
M =4208.4+ 3.1 MeV,I'=6.1+5.7 MeV

18 18.5

o ELldE
75
\/E = 4.843 GeV RMA(K®) (GeV/c2)?

1.0 & resonance

ll: high mass, low reflection => 4.315 GeV
M = 4316.0 + 2.7 MeV, T = 9.0 + 8.6 MeV

175 18 18.5 19

RM(KY) (GeV/c2y arXiv:2407.20009, submitted to Phys. Rev. Lett.

2024-11-1 zhuk@ AN FERE FRF- & 29


https://arxiv.org/abs/2407.20009
https://journals.aps.org/prl/

Search forete™ — ¢y .o

* Y(4660): heaviest vector charmonium-like state that has been well-
established experimentally
* Belle and BaBar: m*m~(3686) (discover), DS D;;(2536),
* Theories: tetra-quark ([cs][cS] or [cq][cq]), charmonium, molecules
(fo(980)yY(2S), A A., DD, light hadron-charmonium pair), hybrid (cCg)
* BESIII: m* 1~ (3686), m* w1, (3823), P xc1/2, KSKSJ /W, D*°D* "1,

* Evidence of ete™ — Y(4660) — ¢y, would indicate strange quark
component in the Y (4660)
* Replace y., with .o

* Previous ete™ — ¢y, at BESIII: upper limit at 4.6 GeV only one energy point
Phys. Rev.D 97, 032008 (2018).




Analysis strategy

* Datasets:+/s = 4.4 —4.95GeV, 6.7 fb~?!

* Five y.q decay channels (with ¢ - KTK ™)
and various reconstruction methods
* 4C or 1C kinematic fit, optimized y? cuts,

varied signal regions

1oE Sigrial MC
1.03F - T
E::-., -
O 1025k
> . E.
) 1'02'_-'."?
=1.015F"
= _ o
Lot
1.005F - 2 B _
i T A T N N T P NN Tl E LA [ T N T P T T A NN N
336 338 34 342 344 346 348
Mzm (GeVic?)
2024-11-1

\c0 Full [Miss KE[Miss 7%| Miss 7°
Decay KEntn K+t nOK T nt 7K+ £ 70
Tt 2 201 2002 10- - -
ata %70 |2 2 2|1 222 122 21
KtK—#7aTn—|4 2 0[{3 20{4 10]- - -
2(w ™) 2 401 402 30- - -
() 2 601 602 50- - -
© qoosE O 1025k '
> >
3 1_02;—:_;-_:-.- 3 1.02;_-;
3&1'015;5 et 391.015;...:; SRR
L T
foosE: e LTI 1008, oo T _
556558 34 542 544 546 54 536 338 34 842 544 546 548
M, (GeVic?) M, (GeVic?)
Summed all energy and decay channels
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Cross sections

BESII

)

o

o
I

— Fit
,,,,, Signal shape of %,
Inc MC of gy ,
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—— Data
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2 :

- — Fit
o o Signal shape of Wco
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% F —— Data
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© gt 1
= 50
£ |th b4 TR
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L
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M, (GeV/c?)

Two dimensional fit

2024-11-1

o (V/s)

N sig

B J!:"int z -fi Bicﬂ Bd:: (1 + {S)ISR ﬁf

Vs (GeV) | Ling (pb™1) |2 (%) | Nsig | Nab | NgP | (14 0)1sr ﬁ aB (pb) oL (ph)
4.470 111.1 104 | =507 41| 62| 082 |1.055|-10.653%+1.3| 13.2
4.530 112.1 165 | —4.87%2| 48 | 62| 0874 |1.054| —6.0738+£06| 7.7
4.575 48.9 21.1 | 08732 164 [ 81| 0.779 | 1.055| 2.0758+0.2 20.3
4.600 586.9 | 22.5 | 104735 123.8126.21 0.775 | 1.055 | 2.05114+0.2 5.2
4.612 103.8 22.8 | —0.87281 62 | 7.1 | 0.777 | 1.055 | 09722 £0.1 7.8
4.620 521.5 23.3 | 1647591294 (32,1 0.797 | 1.055 | 34717403 6.7
4.640 552.4 | 244 | 17.3793 |31.4|34.0| 0.838 | 1.055| 3.1t +03 6.1
4.660 520.6 | 26.1 | 26.6795 [40.9140.9 0.825 | 1.054 | 4.77114+04 7.2
4.680 1669.3 | 26.0 |11.77128131.5(40.2| 0.936 | 1.054 | 0.6728+0.1 2.0
4.700 536.5 26.9 | 8.9759 |21.7]26.5] 0.995 | 1.055 | 1.2F134+0.1 3.7
4.740 164.3 27.8 | 0.6735 | 9.6 [10.4] 1.031 | 1.055| 0.3715+0.0 4.5
4.750 3672 | 283 | 097311 9.6 [13.4] 1.016 |1.055| 02702 +0.0| 26
4.780 5128 | 29.7 | —0.5788 1 12.8|15.1 0.897 | 1.055 | —0.17594+0.0 | 2.2
4,840 527.3 30.2 | 22.0725 135.8]38.2 0.855 | 1.056 | 3.37134+0.3 5.7
4.914 208.1 31.7 | 3.8752 |13.6]20.3] 0.819 |1.056 | 1421401 7.6
4.946 160.3 | 31.6 | —4.8775| 56 | 7.0 | 0818 | 1.056 | —2.37 3 +0.2 3.4
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Search for Y(4660) — ¢ x .o

20
Besm = 150 ~Data Parameters Continuum BW

E% 10 it [t e-Bgyoo (€V) - 0.29 £ 0.08
7 t [ }H{,z ! b M(MeV) 4630 (fixed) 4630 (fixed)
S+ | X H i Ceor (MeV) i 72 (fixed)
"ok ] f 0.3+0.1 -

S - R TR % AN RS- R 1 6+15 -

s (GeV) 2/ndf 29.2/14 22.2/15
20
+ 240 ~Data

—
o
|
|
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=

* The product of Fge(466O)B(Y(466O) — P X0 iS
| determined to be 0.29 £ 0.08 eV
e upper limit @ 90% C.L.: 0.40 eV
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