Heavy exotic states at the BESIII experiment

Zhiyong Wang (IHEP)
On behalf of BESIII collaboration
ISMD 2025
Corfu, Greece, 21-26 Sep. 2025



Outline

* Introduction of heavy exotic states (XYZ) above charm threshold
* Recent results at BESIII:
1. Z.ete-»atn~J/Y KYK~J /Y, KT K~(2S),K*Di~D*0
2. Y:cross sections of ete™ » ntn~h,,DD,DI D, wxs1, Wxez.inclusive |/,
Y(3686) production

3. X:search for 177 states inete™ -» yDJSD;;(2536) + c.c.,ete™ - Vﬁ(')ﬂc
* Summary
* Upgrade of BEPCII
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Exotic states with hidden charm

Conventional hadrons
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Pentaquark

CZY & S. L. Olsen, Nature Reviews Physics 1, 480 (2019)

Y: vector states
Z:isospin + 0

X: remained

Primarily studies the properties
of charmonium-like states,
Including but are not limited to

Searching for new states
Determining the internal
structure

Measuring masses and
widths

Measuring transitions and
decays

Searching for new decay
channels 3




BESIIl at BEPCII

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

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

MDC: small cell & He gas
P - Oyy= 130 pm
— — o /p = 0.5% @1GeV
' dE/dx = 6%
Magnet: 1T Super conducting

"—=~ Muon ID: 9 layer RPC

Trigger: Tracks & Showers

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: 181-1033cm-2 s-1




Abundant physical topics: D and A, decays, light hadrons, charmonium and XYZ, Tt

and R-value, new physics, etc.
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How to study charmonium
(-like) states at BESII|

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

P(2S) =P (3686) =y’

* 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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http://prl.aps.org/abstract/PRL/v110/i25/e252001

Z state



PWA of ete™ » mtm™J /¢

arXiv:2505.13222

* 72 (3900) (Tce1(3900))
* Discovered in J/ipm (by BESIIl and Belle)
and confirmed in DD* and n.p at BESIII

* [ts 1sospin (neutral) partner has also
peen found

* May be strongly correlated to Y (4230)

* Data sample: v/s = 4.13 — 4.36 GeV,
12 fb~1, 17 points

»
o
o

Events cé 20 MeV/c?
o
(=]

Events / 20 MeV/¢?
3 g 8

(6}
o

ok
32 3.4 3.6 38 4 4.2

* Vs=4.1780 GeV _‘_HE“S]H

+ (e)

m(nrd/y) (GeV/c?)

o

e V{s=4.1780 GeV

0.2 04 06 0.8 1 1.2
m(m*n’) (GeV/c?)


https://arxiv.org/abs/2505.13222

* PWA: helicity-covariant method

w7 Z:(3900), fi] /Y (fj = £0(500), f,(980), f,(1370), f(1270))

* BW or K-matrix parametrizations

e Data

| — Fit result [+ Data — Fit result
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mass and width of the Z.(3900)F are determined to be 3884.6 & 0.7 £ 3.3 MeV/c® and 37.2 + 1.3 &+ 6.6 MeV
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https://arxiv.org/abs/2505.13222

PWA of ete™ —» ] /i
* Fit to cross-sections of ete™ — wZ,, f,(980)] /), (nm) ] /Y ArXiv:2505.132272
* Mode I: 2BW, Il: BW+PHSP, lIl: 1BW, IV: 2BW+PHSP
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The averaged mass and width of Y(4220): 4225.8 + 4.2 + 3.1 MeV/c? and 55.3 + 9.5 + 11.1 MeV

Process (I"az-c:%B)l R'l (Fc:%f?B)Q. R? (Fc-:c:%B)B RB
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https://arxiv.org/abs/2505.13222

ete” - KTK ¢ (2S5)

» Hidden strange tetraquark candidate
72.(3985) are observed in BESIII in
ete™ - K*(D3*D° + DF D)

« LHCDb then observed Z/.(4000) — J/UK™ in
B - J/Yy¢K*

« However, two states have similar mass but
very different widths (~8 and ~130 MeV
respectively)

 Natural for BESIII to confirm Z7, - J/(K* and
search for Z., - K™ (25)

« Two best fits performed with assuming Z ..
mass ~4.2 and ~4.3 GeV

» Global significances: ~1c
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Y state



_ . 9140
 Data: v/s = 4.01 —4.95 GeV, 22.2 fb~1 | 59 points Sio0F D s
R 100F- ¥ —— Total fit
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Mass consistent
Width 100 MeV larger 14



https://journals.aps.org/prl/abstract/10.1103/ljnf-4jfr

Precise Measurement of o(e*e™ — DD)

 Confirm the conventional
charmonium states y(4040),
v(4160), and y(4415)

 Confirm and search for the
potential charmonium-like

states, w(4260),w(4360), G(3900),
etfc

* Many clear structures around
G(3900), v(4040), v(4160), y(4415)

* Qur results are consistent with
previous measurements but with
higher precision

PRL 133, 081901 (2024)
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https://journals.aps.org/prl/abstract/10.1103/ljnf-4jfr

Precise Measurement of a(ee™ — DI D7)

The motivation is similar to e"e™ — DD channel, 2 [ ' ataiiioa corainaies ]
B = \d : log. cordinates
but we also want to... g . 5
Investigate the recently observed structure ? 10° K"h % it s b 3
around 4.7 GeV in ete” - (KK~ K{KQ)J /Y = _l ” i }WM g 4+ :
final state due to the similar quark composition ° 1w "
Entangle the correlation between the y(4230) 1R T
and non-resonant e e” —» DDy = T aa as Az s
200 Eim (GeV)
6{}[}%- | (b) | 'l BESIIII | _
A clear narrower width of y(4040) (40 +4) MeV 4t t CLEO-c E
than the PDG value (80 + 10) MeV is observed. wkb | * BaBar E
Additionally, a dip at v(4230) is observed wf 1 Belle E
Our results are consistent with previous 200F G ':‘,(i'zp38§ —
measurements but with higher precision and 00E s Ty e | E
more energies L AR 2 R A RS TIOAINE |
PRL 133, 261902 (2024) 46 48



https://journals.aps.org/prl/abstract/10.1103/ljnf-4jfr

Observation of Structuresin e"e™ - wy.1 and Wy

|—D 1 44
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PRL 132, 161901 (2024)
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Inclusive and exclusive | /1) production

Inclusive: J /Y +X

* Average value of J/y cross section
In the region Vs=4.53 to 4.95 GeV 150

0=14.0+ 1.7, +3. 14, pb\iﬂi

200

} Glnclusive prompt J/wy
I GTc:taI exclusive J/w

—
=

(in the no-resonance hypothesis) mb§

* The comparison indicates that no 50
evidence of hidden decays
Involving the J/y meson 0

_ |/||

TABLE V. The masses and widths of charmonium(like) mesons with decays into J/w or y(3686) [31,39,40]. The notation - --”

w
o0
N
N
N
_-h-
sl
N
(8))
N
Q0
(0]

means that the corresponding decays have not yet seen.

¢t Meson Mass (MeV) Width (MeV) Decays into J/ys Decays into y(3686) \J S (GeV)

xo1(3872) 3871.7+0.1 1.2+0.2 o Ty, ol fy.yd )y yy (3686)

Z.(3900) 3887.1 +2.6 284126 [y o

xo0(3915) 39217+ 1.8 18.8 £ 3.5 alJ [y o

y(4040) 4039.0 £ 1.0 80+ 10 nd [y PRD 111, 052007 (2025)
X(4160) 4153 +£23 136 + 60 ¢y

w(4230) 42227 +2.6 49.0 + 8.0 ant [y, KKJ 'y, nd [y atry(3686)

X (4350) 4350.6 £5.2 13+ 18 oJ e

w(4360) 4372.0 £9.0 115+ 13 ataJfynd [y atry(3686)

Y (4500) 4485 + 28 111+ 34 KYK-J/y ce

y(4660) 4630.0 £ 6.0 72+ 14 e atr 7y (3686) 18
Y (4710) 4704 + 87 183 + 149 KOKOT fyr e
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Inclusive and exclusive y(3686) production

section

- 140 O s pomot o 3680
Inclusive: Y (3686)+X i20F H
100
+ Miss exclusive processes around the (4360) region £ -
Excess ~23% of the ¥ (4360),,mp: INclusive cross ° wf

» Average value of 1)(3686) cross section in the — ..
region \s=4.84 to 4.95 GeV, 0 = 15.3 + 3.0 pb © e e

(in the no-resonance hypothesis) 80
E L + Cross section difference
o} 60 - (b) — Fit
TABLE V. The masses and widths of charmonium(like) mesons with decays into J/y or y(3686) [31,39,40]. The notation - --” q‘;" o Extrapolation
means that the corresponding decays have not yet seen. % g 40 r
2@ r
c¢ Meson Mass (MeV) Width (MeV) Decays into J/y Decays into y(3686) % 5‘% C
xe1(3872) 3871.7 £ 0.1 1.2+02 mta~d ol fy, v gy yy(3686) ] 20 r
Z.(3900) 3887.1 £2.6 284+26 [y PI\] oo gl 1 { g, .
Yeo0(3915) 3921.7+ 1.8 18.8 £3.5 o [y O 0t { "ﬂ‘" | I 1t t?}
y (4040) 4039.0+ 1.0 80+ 10 nd Jyr Z8 L I
X(4160) 4153 £23 136 £ 60 oJ %8 20 }
w(4230) 4222771 +£2.6 49.0£8.0 ant fw . KKJ /w.nJ [y atay(3686) E'O} I
X (4350) 4350.6 £5.2 13£18 oIy .. 40 -
w(4360) 4372.0+£9.0 115+ 13 ata~dfy,nd [y " a Ty (3686) Ll b b b b b 1y
Y (4500) 4485 + 28 111 434 KtK-J/y 41 42 43 44 45 46 47
w(4660) 4630.0 £ 6.0 72 £ 14 e aay(3686)
Y(4710) 4704 £ 87 183 £ 149 KK fyr e ’E (GGV) 19




X state



Search for 1~ statesin ete™ — yDID_,(2536) + cc. D

* X(3872),Y(4230) and Z.(3900) are exotic states.

e Some states are more exotic than the other exotic states.

* Such as JFP¢ =07, event~, odd™ ", cannot be qg
e Light section: m;(1400), m;(1600), n,(1855) with JF¢ =1~

* Q. Wang, Phys. Rev. D 89, 114013(2014) predicts 1~ molecule state
DD,(2420)

* Extend to D meson with strange quark, DS Ds;(2536) (M =~ 4.5 GeV)
* Data sample: /s = 4.61 —4.95 GeV, 5.8 fb~ 1
Phys. Rev. D 112, 032002 (2025)
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Events 0.001 GeV/c?

Search for 1-* statesin ete™ — yDI D (2536) + cc. =&

. . Phys. Rev. D 112, 032002 (2025)
* Partial reconstruction:

.« e*e™ (D D51 (2536)DF > KK~ D5 (2536) (KD
+ e*e —(yDi D5 (2536) DF — KIK D5 (2536) — K D™

250 . 100 T
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 (a) t data (1s=4.682); NE- (1) + data (vs=4.68 , | @ ¢ data (1s=4.682) ) b data (5=4.682) ]
200:— Ir!dus've MC J 3, 80 |r_|clu5|ve MC “ 30 | | inclusive MC N 0 inclusive MC _:

— signal > — signal > v l‘ | —signal(Kkr) 1 > :|| — signalK’K) ]
150 C 6 Qo 1 < L E
C S - Q o 13 1 |
: S g 30 g It || |
100[- z z z v lll j h E
s = E =
30 £ £ I I{
“ : b d 2 3 Ml }
S50F =20 i = = \ W IIII‘l M J
F 10 fwm“l# T |J-
0 0
fon 1o2 194 19 195 200 202 204 fo0 102 194 19 198 200 203 204 07196 198 2,00 202 2.04 2,06 208 210 2.2 2.14 07196 198 200 202 2.04 2,06 208 2.10 242 2.14
My (GeV/e?) MKgK (GeV/c?) RM +\I -m S(GeV/cz) RMYD;KﬂfIK;K:mDS (GeV/ch)

Clear D, are observed, but no significant D*°
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Search for 1™ statesin e*e™ —» yDID_,(2536) + c.c.

Events / 0.003 GeV/c?

Events / 0.003 GeV/c?

Unbinned two dimensional simultaneous fit
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To select candidate events for ete™ — A,-;r)(" )-',r]c?

— LY
Sea rCh for 1 + States In the 7’ is reconstructed through the final states
+ ! of nrmTx~, the |n.| is reconstructed through |[16
— ynn d ‘yn n hadronic final states:  pp, 2(nT7n7), 2(KTK T,
e e C an C KTK—ntn~, pprta~, 3(rtn~), KTK 2(rtr~),
KTK=7% ppr®, KUK*7F, KiK*rFatn®, ota—,
KYK=n, 2(zt7n )y, nta 7% and 2(zF 77 )77, in

which K__g is reconstructed from its 777~ decay, 7¥ and

y Analogy to 771(1855) - T]T]’; n from their v final state.
possible 1.1 = 11,

* X.-K. Dong, etc. Phys. Rev. D 101, e o e g
076003 (2020) and C. Shi, etc. ol ST "
Phys.Rev.D 109, 094513 (2024) w
predict 1~F charmonium-like hybrid | & L

 Data sample: v/s = 4.26 — 4.68 GeV, o g
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Summary

* The BESIII experiment has made crucial contributions to the study of heavy
exotic charmonium-like states, benefitting from its unique data samples and

excellent detector performance.

 Further exciting results are hopeful with increased statistics and energy after
upgrading. These future studies are expected to enable us to discover some

novel states, including those containing a strange quark component.

« Additionally, research will focus on clarifying the correlations between
charmonium-like states and their underlying nature. Overall, these progresses

may deepen our understanding on non-perturbative strong interactions.



BEPCII upgrade aims at: Increase luminos

Overview of BEPCII upgrade project

AA25.EE.0.Q. Physics predictions

—— 3-loop pQCD
<4 KEDR new scan
<+ BES
+ CLEO
-+ Crystal Ball
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* KEDR new scan points positions are fixed at

CD predictions
Expected total uncertainty is about 3 % (systemati

uncertainty about 2.5%)

actor of 3 & Increase beam ¢ 8GeV

Timeline of BEPCII operation and its upgrade

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 Eabrication Einichad Commissioning
May. 2020 Jul. 2021 Jun. 2024 Jan. 2025
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Overview of BEPCII upgrade

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

BEPCII | BEPCII-U | BEPCII-U
@2.35GeV | @ 2.35GeV @ 2.8GeV
L 110%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
$y,lum 0.029 0.033 0.043
Emittance [nmrad] 147 152 200
Couping [%] 0.53 0.35 0.5 ﬁ
Bucket Height 0.0069 0.011 0.009 Remove 7 beamlines
6,0 [cm] 1.54 1.07 1.4 R Remaining 9 beamlines ,
o, [cm] 1.69 1.22 1.6 B b aew s
RF Voltage [MV] 1.6 3.3 3.3 No dedicated SR operation, only parasitic SR

experiments, 10 months/year BESIII tlme.



- BEPCII-U Operation plan

* Jul. 2024 — Dec. 2024 Summer shutdown for installation

e Jan. 2025 — Jul. 2025 Commissioning & Data taking @1.843GeV y (3686)
* Aug. 2025 Summer shutdown We are here
* Sep. 2025 — Jul. 2026 Data taking @1.843GeV & 2.35GeV (project test) J

* Aug. 2026 — Sep. 2026 Summer shutdown & LINAC final upgrade

* Oct. 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




- Status of BEPCII-U commissioning

BEPCII-U Operation plan

* Jul. 2024 — Dec. 2024 Summer shutdown for installation

e Jan. 2025 — Jul. 2025 Commissioning & Data taking @1.843GeV y (3686)
* Aug. 2025 Summer shutdown We are here

* Sep. 2025 — Jul. 2026 Data taking @1.843GeV & 2.35GeV (project test)

* Aug. 2026 — Sep. 2026 Summer shutdown & LINAC final upgrade

* Oct. 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

Thanks for your attention!
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BESIII has studied XY/Z states via
e™ e~ annihilation samples exclusively

* YNe VTN,

* UM,

* TUTUTON, TN,

o vt U )/, YOI/, ywi/ P, yyI/Y
* 1%/ Y, nI/Y, n'I/Y

s tt )/, mOm I/, mOnl/y,
K*K=1/, KO%KO /W,

* J/YX

* YXo » YIUTU X1, YT Xep, TOTOX e 5
° chJ’ (I)XCJ

° T[+T[_XCJ

* Nh,

* 1 h, P1t°h, K%KO%h,

* YYW(25),

* NY(23), n'P(25)

o T+m—Y(2S), moY(2S),

K+*K-Ww(2S), KoK W(3686)

* W(25)X
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e U TUP(3770), K-KTP(3770)
* VX(3872), yriPX(3872),

w X(3872), $pX(3872)
* X(3872) lineshape

* YYW(3823)
s U T P,(3823), mOmtP,(3823)

 Other channels, such as
updated w2 %y’, %nh, are
on going
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