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The Charmonium-like Spectrum

Charmonium states below the DD threshold and JF¢ = 17~ 2]
4.6~
states are well understood I
4.4 ) O
. o . . . e e e Y2
Still missing states which are predicted by a non-relativistic m(DD)
[1] IR m(DB,
quark model NQ m;g%))
Additional states with unexpected properties: 3 o
~ m(DD)
. —= ~ 3pl™
Supernumerary 17~ states c
: . . 3.4 [eo (PP
* X states with unusual decay behavior and/or width
3.2
. e -
States with isospin and/or strangeness ol e—
| NR quark model |
0-+ .I" -I+- 0++ .I++ 2++ -I+(')
P
JPC
[1]
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Outline
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This talk will focus on recent BESIII analyses: [2]
4.6
. . . - . oo Z.(4430)
1. Search for Charmonium-like states with JP¢ = 177 in 4.4y Y -
N2 -
e ete” - DOD* t [PRL 130, 121901 (2023)] A |25 ) R T s o
N, NN ammema m(D;Dy)
Q n@s)|lvesy| m(D'D")
+,- x4 y*— N e P—— 7] 2 (5950)| g
* e’e” = Dg" D [PRL 131, 151903 (2023)] A Lt e | il 2000 [
_ OB ) A R D)
2. Search for a scalar partner of the y.1(3872) in N ) v@s) .
, £
* Y(3770) - ynn 3.4
[PRD 108, 052012 (2023)]
+ - 3.2
. —
Y(3770) »yrn* ] /Y
3 observed charmonium
| NR quark model |
O-+ _I-- _I+- 0++ .I++ 2++ .I+(')
JPC
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== yerst The BESIII Experiment

Miinster

Beijing Spectrometer Il at the Beijing Electron Positron Max. luminosity: 1033 cm™2%s™ ! at+/s = 3.77 GeV

Collider Il at the Institute of High Energy Physics
& sy FIY 93% of 41 solid angle coverage

7-charm factory: 2.0 GeV < +/s < 5.0 GeV

S, e

Multilayer Drift Chamber

Time-of-Flight System

ENVPCaI0rimeter

1T Solenoid Magnet

Charmonium-like states at BESIII - Frederik Weidner



— i Analysisof ete™ - D*'D* ™t
[PRL 130, 121901 (2023)]

« Analysis of 86 data samples with D** - D%, D*~ - D"
4.19 GeV < +/s < 4.95 GeV with Li, = 17.9fb~! D° - K nt K ntn®, K ntntm™

D - K'nn~,n’ -
e Reconstruct either D*® or D*~and bachelor r™ 44

pions

e Cutonthe D°/D~ and D*°/D*~ candidate’s invariant mass

« Kinematic constraints to assign ©° to the D*° or D*~
0.15——

e

Soiv ol VS = 4.600 GeV Data -+ "¥s = 4.600 GeV Data"'l
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Simultaneous fit to the D*%7* and D*~m*recoil mass to get 0gressed:
Smooth background described by second-order polynomial
Signal and combinatorial peaking background line shape from MC

1500 - Vs = 4.600 GeV
RS (D%tag)
=

GJ o

= 1000

Lo

™ [

3 500f

= [

()

>

L i

0

1.95

2

+ Data

=== Background
- == Peaking BKG
— DD "1*

Inclusive BKG

RM(r+1°DP% (GeV/c?)

Analysis of ete™ - D*'D* ™t

[PRL 130, 121901 (2023)]

D*0 - pOx0
D° - K nt K ntn®, K ntntm™

m° - yy
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e Analysis of ete™ - D*'D*
[PRL 130, 121901 (2023)]

Simultaneous fit to the D*°* and D*~m*recoil mass to get 0gressed: D*~ - D n°

Smooth background described by second-order polynomial
Signal and combinatorial peaking background line shape from MC D> Ktnn~,n% > yy

Vs = 4.600 GeV - Data
300 (D-tag) - == Background
- == Peaking BKG
200 — DDt

Inclusive BKG

100

1.95 2 2.05 2.1
RM(n+7°D ') (GeV/c?)
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—T M Analysis of ete™ - D*'D* ™
[PRL 130, 121901 (2023)]

* Dressed cross section calculated via:

Nl())bs
Odressed — 1200 -
LintépBp (1 + disr) g F—F —~+ XYZ data
* Cross section fitted with coherent sum of three E - g\‘/’\;“:i””“m —+ Scan data
Breit-Wigner and PHSP term 5 S0 S -7 Ny (I) )
co 5 600 I ™ N T
* All resonance parameters (m;, Iy and I;°B;) and 1 - I i1 N ~
. . . () [ K S e
the relative phases (¢;) determined by the fit ‘o 400F [ | g el
2 200 Wbl S U .
 Significance of third BW compared to two BW ¢ - iy} g
. ©O O e 1 TR Tty ke AL — -
solution: 10. 80 P AP S RV S S S AP B
42 43 44 45 46 47 48 49 5
* Eight solutions with the same reduced y?, m; /s (GeV)

and I}, but different I7°B; and ¢;

Charmonium-like states at BESIII - Frederik Weidner 8



— Analysis of ete™ - D*'D* ™
[PRL 130, 121901 (2023)]

Resulting resonance properties:

BW1: Compatible with the 1)(4230)53! 1200
Result on electronic width disfavors 2 ok T —+ XYZ data
hybrid interpretation!*! = f 7 Continuum —~+ Scan data
= 800~ BWI T
. . . o - - BW2 ’ \ (I)
BW2: Compatible with the 1(4500) observed in & 600 ! 4 TN
ete” - KTK™]/¢b 00 | ! RS
B(Y —» D*D*m)/B(yY — KK] /) > 107 is is’ 200 - | [ ] i
inconsistent with tetraquark hypothesis!®”] Eb ) P W g e e )
Compatible with the ¥(4660) seen in 42 43 44 45 46 47 48 49 5
Vs (GeV)

ete” >t~y (25)E
First observation in open charm decay

31 AHEP 2018, 5428734 61 PRD 73, 094510 (2006)
Charmonium-like states at BESIII - Frederik Weidner [41 CPC 40, 081002 (2016) 7' PRD 107, 016001 (2023) 9
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— N Analysis of ete™ —» DD}
[PRL 131, 151903 (2023)]

* Analysis of 76 data samples with DS*i - Dsiy
4.23 GeV < +/s < 4.95 GeV with L;,; = 15.7 fb1 DI - K*K-mt K;\V,T—

« Reconstruct either D" or D~
* Cutonthe DSJ—r invariant mass and on the Df missing mass

« Peaking background frome*e™ — )/ISRDSJ—FD;‘J_r estimated
fromete™ - DSJ—FDS"Tr cross section

Charmonium-like states at BESIII - Frederik Weidner 10
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Fit to the yKKm spectrum containing all combinations

Smooth background described by second-order polynomial

Signal and combinatorial background line shape from MC

.
-
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Events / ( 0.002 GeV/¢?)

............

-+ data

- - signal
= random comb.
----bakground

FIX

-
ULEY I

202 2.04 -2-.06 208 2.1 212 214 216 218 22

M, k- My, +Mp_ (GeV/e?)

Di* - Dy
Df - K*K—nt

Analysis of ete™ —» D" D}~
[PRL 131, 151903 (2023)]

Charmonium-like states at BESIII - Frederik Weidner
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vt Analysis of eTe™ —» DT D}
[PRL 131, 151903 (2023)]

L 1117

* Dressed cross section calculated via:

fit _
No; — Npgog

B ittt T T VPRV
- iy
o
—

10°

™ (pb)

1 IIIIIIIIi

o = «”“U K _
aressed ™ 2 LinteB(1 + Sisr) 17wy : ]
by ? —ewl o b A ]
* Cross section fitted with coherent sum of three Wigner ol / | L 'PH;F', —;;*:Vj;'"e // T\ “ ~:
amplitudes and a two-body PHSP term (all in P-wave) 43044 4S A6 4T 48 40
Ey (GeV)

 All resonance parameters (m;, I; and I['Y°B;) and the relative
phases (¢;) are determined by the fit

L 1117

'' )
o -
| - oy
i,
-

3 -
10 Pl

™ (pb)

Lol

e Significance of third BW compared to two BW solution: 5.90

*5"3 I
T2 100 1 5
. h | . . h . I d d 2 d F b ﬁbég — [BW,[? +\d§ts\_l .
Three solutions with similar reduce X, ml- an ir ut : — BWP  — fitted "“é\"‘;‘\* i
. L/ - BW [ N T — ]
dlfferentFieeBiandgbi -/ "-nlIIP"-I?'TH-IIIII1!'|'|/' N3
4.3 4.4 4.5 4.6 4.7 4.8 4.9
Eqyv (GeV)
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Resulting resonance properties:

Compatible with ¥(4160) observed in e*e™ — hadrons®
and B~ - K~ u*u~119 candidate for y)(2D)
Compatible with 1 (4230)!% considering sys. uncertainties

BW2: Mass compatible with 1/(4415), but width differs by 30
Candidate for the Y (4S5), first observation of this decay

BW3: Compatible with evidence for /(4710) seen in
ete” - K)KJJ /Y and ete™ » ALA; )
Candidate for the Y(55)

ere— Ds”
dressed

O ress

ete’'— Ds”
dressed

O jress

™ (pb)

™ (pb)

Analysis of ete™ —» D" D}~

[PRL 131, 151903 (2023)]

10° &

10° 4

— BW, ¢ data "~~.._j
— [BW,f  — fitted line /
- .= PHSP [BW

TR | |1| | /|

T et
" i
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L 1117

1 IIIIIIIIi
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0k /
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Miinster Search for a scalar partner of the y.1(3872)

[PRD 108, 052012 (2023)]

Analysis of the Y (3770) data set corresponding to L, = 2.93 b1 W(3770) = yx:0(3700)

Xc0(3700) - nn’
n' —>yntnT,n - yy

Cuts on the intermediate resonances, here: 1 and n’

| +data
3~ —signal MC
Bayesian method to o, | ST v(@S)
: .. S | Onon-DD
determine upper limit on © | W
/ = 2+
B = vxco) - BXco = 1) o
including systematic uncertainties >~
'E' L
Best limit form, = 3710 MeV/c? &
of B'P = 8.9-107° at 90% C.L. P
o . o] A _m
Upper limit gets worse with 37 371 372 373 374 375
increasing mass of the y. M(m) (GeV/c?)

Charmonium-like states at BESIII - Frederik Weidner 14
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Miinster Search for a scalar partner of the y.1(3872)

[PRD 108, 052012 (2023)]

Analysis of the Y (3770) data set corresponding to L, = 2.93 b1 W(3770) = yx:0(3700)
3700 T
Cuts on the intermediate J /Y resonance Xeo +) __) /Y
. J/p - ete
Combined fit to both ]/lp decays :Efiata | :;Emezﬁcz-sno MeV/cz 3730 MeV/cZ 3735 MeV/c?
b gk et e
% i
Signal described by MC shape >
o
with different masses of the y., — 4 J/ N
P T
72}
Resulting likelihood profiles § Xco T
give the upper limit w2 T
M sk 1 1] ] ‘u | [$]1]¢ e‘"/> <\e—
Best limit form,, = 3730 MeV/c? 0 IT THTH],M L] 1[,!1“” l ,Ll HHH
of B = 8.6-10"° at 90% C.L. 3.7 371 372 373 374 3.75 14

M(ztrJ/v) (GeV/c?)

Charmonium-like states at BESIII - Frederik Weidner 15



——— Mineter Search for a scalar partner of the y.1(3872)
[PRD 108, 052012 (2023)]

Theory predictions for y.1(3872) as hadronic molecule: W(3770) = yx:0(3700)
Xc0(3700) = nn',w*w™] /1
n' —yntnT,n - yy

* Candidate is the predicted DD molecule with a mass of ~ 3720 MeV/c214151 [ /i) — ete™, utu~

* Scalar partner with slightly lower mass(1415]

Experimental hints for a DD state with mass of ~ 3700 MeV/c?seen in:
« ete” > J/YDDUe and yy - DDU8I
First search for y., = nn’ and y.o = n*7~] /Y presented here

 Theoretical prediction for B(¥) = yx0) - B(xco — nm') of 1 - 107>119]
excluded for masses smaller than 3730 MeV/c?

« Upperlimiton B(Y = yx0(3700)) - B(x0(3700) » ¥~ ] /) gives
constraint on the isospin violation seen in y.,(3872) — ™ J /20

_ _ _ _ (141 pRD 87, 076006 (2013) (171 EPJA 36, 189 (2008) 201 pLB 590, 209 (2004)
Charmonium-like states at BESIII - Frederik Weidner [151 PRD 86, 056004 (2012) 18 PRL 96, 082003 (2006)

(161 PRL 100, 202001 (2008) 191 EPJA 49, 52 (2013)
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BESIII is still actively taking data in the charmonium region
(at the moment increasing the 1 (3770) dataset)

New and exciting results in the search for JP¢ = 17~ resonances

Large datasets at known resonances allow to search for
charmonium(-like) states with all guantum numbers

In the future sophisticated theoretical models needed to describe
line shape of e.g. the 17~ resonances, like it is done in the

bottomonium region(21]

Upgrade of BEPCII in 2024 will allow BESIII to measure up to center-
of-mass energies of 5.6 GeV

Conclusion and Outlook

1200 -

600 |
400 |

essed(g'e’>D*°D*7r*) (pb)

200

Gdr
o

J—_ —+ XYZ data
1000 :_ ..... Continuum + Scan data
800 |- ~ - BWI

@

PELA?

_______
e A

D (pb)
3

e e e
- Teee T r————,
o~ ———
”

r g
i}
és | ‘
12 1074
' 6 \"
%’be — BW,f +\data\
F Y, — [BW,J?  —fitted line ™~ ~ ﬁ s
1 £ T —
- f == PHSP - [BW, £ f T ———
l01..[| ..................... /.|\..|‘F
4.3 44 4.5 4.6 4.7 4.8 49
Ey (GeV)
8
Heaa L +dat
[t 3k 7s;:al MC
b e % [ EYSTwEs)
>t = Hnon-DD
s T é’  Mag
2, e
2 | P!
C = L
L |
LI [4] il 1
NNt T I T

37 371 372 373 874 375
M(m*md/y) (GeVic?)

87 %71 o7z avs 574 3715
M) (GeVic?)
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Backup slides
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| After 12 of data taking:
World’s largest data sets at 17~ resonances: 10} + 10y 105 s ata taking w3770) l
[ o 2.7 x 109 w(2S 10 J1y o = :
11, $(25), Y(3770) * 271020 e A}
3 w(25) ot |
Energy scan in the “XYZ” region: — 10 I
[ °
4.0 GeV < +/s < 5.0 GeV = . . .
b 102 : ° L] i B [ ] o9 4 * * =
Scans around resonances: E : ’ P I q
Xc1, Y (25),y¥(3770) 1 . & * o : o |o ‘
10F °° ’ oM ,t—\.m
Additional data sets at lower energies: 2 . J :
2.0 GeV < \/E < 3.0 GeV 1o’k c e (from W.Gradl)_:
20 25 30 35 4.0 45 50
E.m [GeV]
20

Data sets

Charmonium-like states at BESIII - Frederik Weidner



—T M Analysis of ete™ - D*'D* ™
[PRL 130, 121901 (2023)]

1200 1200
— Fit —+ XYZ data

— i
. I
----- Continuum ;

- XYZ data

1000 .
—+ Scan data

1000

—4 Scan data

~

800 800

~,

(I e

cessed(g*e DD ) (pb)
gtressed(gte'5D*D* ) (pb)

600 600
400 a00f- o it oo
200 200 huBlaglpfl' o T
O ™ 0 e
| | | | | | L | L | | | L | | | |
4.2 4.3 4.4 4.5 ((; ?/) 4.7 4.8 4.9 5 4.2 4.3 4.4 4.5 ((;rﬁf) 4.7 4.8 4.9 5
\'S e \S e
1200 = 1200 = — -
o - — Fit XYZ data o - — Fit ! *y XYZ data
ﬁ' 1000 = - :é' 1000 ... Continuum \ * M
— —+ Scan data — i ; : —- Scan data
. 800 ® 800 ‘ . _
0 O
S S
A 600 N (0] SR 71 | S B | v ¢ LR | NG
T T _|._|——-
2400 o 400 ] Iyt o e
) o F oAl e e
he] =] et
3 200 3 200 ymBlglpft’ 00
2 ¢ agiaet
K % Fonmmt =
L T N I TS RS AN T S S RS ST R
4.2 4.3 4.4 4.5 - 4.6 47 4.8 49 5 4.2 4.3 4.4 4.5 _ 4.6 4.7 4.8 4.9 5
Vs (GeV) s (GeV)

Solutions I-1V of the fitto the ete™ — D*°D* 1™ cross section
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1200 -
7 of — Eit — XYZ data
21 I '
= - Continuum — Scan data
= 800
) N
(=] -
A 600
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1200 -
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©
l
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600
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oPesed(g*e' DD ) (pb)

o

1200

1000

800

600

400

200
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o

Analysis of ete™ - D*'D* ™t

[PRL 130, 121901 (2023)]
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Solutions V-VIII of the fit to the ete™ — D**D* 1t cross section
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— Analysis of ete™ - D*'D*
[PRL 130, 121901 (2023)]

1 11 111 IV Vv VI VI VI
C,(1073) 42415

m; (MeV/c?) 4209.6 +4.7

[t (MeV) 81.6+17.8

B, (eV) 54+1.1 6.0+ 1.3 48409 53+1.1 179 +7.2 19.8 + 6.6 202 + 7.4 22449.0
¢, (rad) 3.1+0.5 3.8+04 1.9+ 0.7 2.6 +0.6 424023 4840.2 54+03 6.0+ 0.3
m, (MeV/c?) 4469.1 +26.2

Y (MeV) 246.3 +36.7

[sB, (eV)  2433+£835 832547165 1074+50.6 3674+3708 22554949 770843838 510.1+£2023 17443 £926.9
b, (rad) 4440.3 -0.9+0.3 2.6+ 0.6 3.7+0.8 1.9+ 0.8 3.0+0.4 3.7+0.3 -1.5+023
m3 (MeV/c?) 4675.3 £ 29.5

[ (MeV) 2183 +729

[¥°B;y (eV) 75841488 16019+ 11526 1944271 4116+2305 244+345 515642446 9514173.1 2005.3 4 1166.1
¢ (rad) 49+ 1.4 -2.9+04 2.1+ 04 0.641.1 1.7+ 0.5 6.5 +0.5 45413 -3.3 4023

Fitted parameters of the fit to the eTe™ — D*°D*~m™* cross section

Charmonium-like states at BESIII - Frederik Weidner 23



— Analysis of eTe™ —» DD}~
[acc. by PRL, arXiv:2305.10789]

K 1
2wy 7T T
N — . :I T T I T T T T T T T T T T T T T T T T T T T T T T T T I T T I:
& v g . - 3 ]
1z 0 — 5 = i
s — BWS ¢ data - f| A : S 100 P i 2
© ? — [BWP  — fitted line 7L T~ ] ~ = o /’ ™~ ]

10__-T/"' | - PHSP IBW / \ A 5 — P -
TTTI3 T id 45 46 37 a8 39 ¥ I ]
Eeyy (GeV) A £

F T A B IR ’]*9 102: =

- 2 - »d - 2 e ]
= [ T e i i v D i - |[BW | ¢ data " a—_— .
—8.‘ 10° & e T — b I'L 2 2 ]
T Eme E ik — |BW_*  — fitted line ]
g 1 10 & - = PHSP BW [ A -
Q"J 9 [T 1 ' N N TR NN SN NN TN N TR NN AN TN SR SR SN NN S | 1 |\| T .
1g w0 . 5 43 44 45 46 47 48 49
%8 — BW,f ¢ data_ ]
© . — [BW,[  — fitted |iné\-'~f.\_ . ECM (GCV)

10 /| -.= PHSP BW / \“"-- ~
13 44 45 46 47 48 49 , : _ _ .
E . (GeV) Solutions 1-3 of the fit to the e*e™ — D;* D™ cross section
cM
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Analysis of ete™ —» DT D}

[acc. by PRL, arXiv:2305.10789]

Result 1 Result 2 Result 3
M, (Me\//cz) 4186.8+8.7 4194.14+6.8 4195.6+6.5
'y (MeV) 55+15 61.1£8.5 61.7x7.7
Mo (MeV/cz) 4414.6+£3.4 4411.943.2 4411.14+3.2
'y (MeV) 122.5+7.5 120.24+7.4 119.947.3
M (MeV/c2) 4793.3+6.7 4789.7+8.7 4786.0+9.4
I's (MeV) 27.1+£6.5 42475 6034

Result 1 Result 2 Result 3

a1 (MeV) 4.3+2.1 2.74+0.94 2.85+0.87

(' 4 .—B(D:D:))2 (eV) 74.6 7.3 46.0 £ 6.1 123 £ 14
¢2 (rad) -1.2940.12 -0.981+0.068  -2.244+0.070

(' v .= B(D:DY%))s (eV) 6+ 22 1.3£28 1.13 £0.48

¢3 (rad) 1.1540.58 0.96£0.89 -1.0740.45
n 9.73£0.18 9.270+0.044 9.301£0.045

ap (x10% GeV™— 1) 7.1+2.3 3.16 = 0.54 3.2+1.8
¢o (rad) 2.959+0.043 3.087£0.022 2.675+0.029

Fitted parameters of the fit to the ete™ — D" D} cross section
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Analysis of the Y (3770) data set corresponding to L, = 2.93 b1 W(3770) = yx:0(3700)
3700) » wtm~
Cuts on the intermediate J /Y resonance Xeo +) _ v
3 J/b = pru
Combined fit to both ]/w decays -Edata =00 MeV/CE-STZO MeV/cz 3730 MeV/c? =3735 MeV/c2
b 6F wrW
% -
Signal described by MC shape =
with different masses of the y . 2 af J/ N
- T
(]
Resulting likelihood profiles § UL (I L Xeo -
give the upper limit L
- - x r L™ Nl [ 1] ] rtl“l_._ rlly e+ e~
o ) _llll ” lllllHll Ty /\
Best limit for m, = 3730 MeV/c LS RER IR R ll
of B'P =8.6-10"° at 90% C.L. 3.7 3.71 372 373 374 3.75 14

M(m* /) (GeV/c?)
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M(X(3700)) (MeV/c?) 3710 3715 3720 3725 3730 3733 3735 3740
w(3770) — yn’ £o (%) 10.56 10.50 10.14 9.77 9.31 8.99 8.70 8.15
B (x107¢) 8.9 9.0 9.3 9.7 10 18 18 19
w(3770) — yataJ/y 8¢ (%) 15.68 15.59 15.88 15.50 15.38 15.32 14.83 13.76
&yl (%) 24.10 23.97 24.02 23.93 23.67 23.54 23.16 21.80
B (x1073) 2.2 1.2 1.8 3.0 0.86 1.0 1.3 3.4

Upper limits on the product branching ratios B(¢(3770) — VXco(3700)) - B(x-0(3700) - nn") and
B(¥(3770) = yx¢0(3700)) - B(xco(3700) - m*m~] /1) in dependence of the mass of the y
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4 data Upper limit for B(y¥(3770) — ynn'):

- —total fit
o Cf sienal BYP = 4.8 - 1075 at 90% C.L.
> |
e
E T
O 44 ® ®
RN Il I
@
LI:j 2 (.- . e IR L L] L |

it ik
Op [] (LT L L L |

0.9 0.92 0.94 CI-.QG 0.98 1
M(ymt) (GeV/c?)
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