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Conventional and exotic Hadrons

] Baryons are red-blue- . Mesons are color- .
' Sl ordinary matter ) .
’ green triplets anticolor pairs

N=usd n=ad

Other possible combinations of quarks and gluons :

Pentaquark H di-Baryon Glueball

5=+1 ‘ Tightly bound ‘ Color-singlet multi- &, &
Baryon 6 quark state , gluon bound state ¢

Molecule

Tetraquark qq -gluon hybrid

Tightly bound loosely bound e
diquark & me§on-
anti-diquark antimeson

“molecule”

Z.(3985)
ch(4000)

m Y(4660) m ) | x,(2900) m t
30

X,(2900)

Lots of states with heavy quarks are observed since 2003 when X(3872) was discovered.



BESIII data Samples for XYZ study
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BESIII can directly generate Y(1~ ) states by e*e™ annihilation.

Study X and Z by radiative decay or hadronic transition from Y.

BESIII accumulate ~23fb"1 e*e™ collision data events from 3.8-4.92GeV.

Data sample taken above 4.6GeV has been finished in 2020=>make Y(4660) study accessible.
Search for more XYZ states, study their properties and new decays modes.

Look for transitions between different states.



X(3872)

PRL 91, 262001 (2003)

« B > KiX(3872) - Kin+n‘]/1/)
* first evidence from Belle: PRL91, 262001 (2003)
* confirmed by CDF and DO  PRL 93, 072001 (2004) ; PRL 93, 162002 (2004)

. X(3872)
®* Mmass:

* M = (3871.65 x 0.06) MeV PDG2020, dominated by JHEP0S, 123 (2020) [LHCb] *®* *%% Go% 278, 2 1>
« very close to D°D*? mass threshold [(3871.69 + 0.01) MeV]

e width:
* Ipy = (1.19 £ 0.21) MeV  PRD 102, 092005 (2020)
« JPC: 1%t pRrL110, 222001 (2013)
e produced in:
* B decays, Bg decays, Ap, decays, pp collision, pp collision, PbPb collision, ete ™ radiative
transition, yy* processes
e decay modes:

* DD, mrnT ]/ mtn O] mOxey, VITY L v (2)[7]

Events /( 0.005 GeV )
- - NN W W

Explanations of the nature D ¢

* Bound molecule of D° and d‘h’ T
anti-D

* Tetra-quark binding a di- E
quark and a di-antiquark . i

e Hybrid of charmonium and D°-D™“molecule”  Diquark-diantiquark

molecule



o(yX(3872)—ywJ/y) (pb)

Production of X(3872) at BESIII

PRL 122, 232002 (2019)
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B decays BaBar, Belle, CMS, LHCb
B, decays CMS, LHCb

A, decays LHCb

pp collision CDF, DO

pp collision ATLAS, CMS, LHCb
PbPb collision = CMS

e'e- > yX(3872) BESIII
y* > X(3872) Belle

® ete™ - yX(3872) is the only
observed way to produce X(3872)
at BESIII so far.

Cross section Line shape is
measured.

X(3872) at BESIII: low
background, low production.



* Open charm 8* g+ d *{i

Decay of X(3872)

D°D*%? Threshold?
PODOTCO (non :DOD*O)
D'DY% (non D°D*0)
D'Dy

SN ap

» Transitions

— Hadronic transitions

— Radiative transitions

» Hadronic decays

» Radiative decays

ndly, tnndly, Ty,
MY cy» TNy ---

—
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New measurements
from BESIII & Belle.

Yy, yy(2S)

Global fit to X(3872) decays

. B(X(3872) » D*°D° + c.c.) = (5225)%
* B(X(3872) » n'n ] /Y) = (411D %

* B(X(3872) - ] /i) = (4.4*33)%

« B(X(3872) = yJ/Y¥) = (1.1535)%

« B(X(3872) » 1) = (3.61%32)%

- B(X(3872) > unknown) = (32+18)%

Tndex (i) Parameters Values Experiments

X(3872) » atnJ[0___(x109)

1 BT = X(3B19KT 8.61+0.82 £ 0.52 Belle [14]

2 84+15+07  BaBar [15]

3 B X(387)K° 43+12404  Belle [14]

4 35419404  BaBar [15]
X(3872) =+ 1J/% (<10

5 BT - X(3812)K+ 1787053 £0.12 Belle [22]

6 28+08+0.1 BaBar [23]

7 B°— X(3872)K° 1247378 £0.11  Belle [22]

8 2.6+£1.8+02  BaBar [23]
X(3872) — 7(3686)  (x10~°)

9 Bt S X(B12)KT 083733 £ 044 Belle [22]

10 05+£27+06  BaBar [23]

11 B® - X(3872)K° 1124357 £ 057  Belle [22)

12 114+55+1.0 BaBar [23]
X(3872) —+ DVD° + ce. (x10%)

13 BY 5> X(BR)KT 0.77 % 0.16 £ 0.10 Belle [16]

14 1.67 + 036 £ 0.47 BaBar [17]

15 B® - X(3872)K° 0.97 £ 0.46 + 0.13 Belle [16]

16 2.22 4 1.05 £ 0.42 BaBar [17]
X(3872) = wi/¥ (x107%)

17 BT > X(3812)KT [ETES] BaBar [18]

18 B° - X(3872)K° 631 BeBar [18]
Ratios

R 0.7940.28 BESIII [19]

20 1481 +3.80 BESIII [19]

21 16103 +02 BESIII [20]

22 0.88%033 4 0.10  BESIIH [21]

23 2.46 +0.64 +0.29 LHCb [24]
Bt - X(3872)K+ (x10~)

21 21£06+03 BaBar [27]

12411401 Belle [26]

Parameter index 1 2 3 1 5 6 7 8

1 1 0.87 0.84 0.75 0.64 0.79 -0.95 -0.87
2 1 0.79 0.71 0.56 0.74 -0.90 -0.77
3 1 0.78 0.54 0.73 -0.88 -0.78
| 1 0.49 0.65 -0.79 -0.69
5 1 0.51 -0.61 -0.56
6 1 -0.82-0.72
7 1 0.84

Chunhua Li and CZY, PRD 100, 094003 (2019)
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Radiative transition of X(3872) — yJ /Y, vy (25)

PRL124.242001(2020)
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® Study the process of X(3872) —
v]/W, yW(2S) with data sample
between 4.178 and 4.278GeV.
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® Find the evidence of X(3872) —»
v/J/W with 3.50.

w
o

Events / (6 MeV/c?)
8
Events / (5 MeV/c?)

n
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® No evident signal for X(3872) —
Y W(2S) decay at BESIII.

ete”

8.8 ‘ 3.8;5. .. 3.I9. 3.95
M(y, J) (GeV/c?)

B(x 3872)-y W (2S)
® R= . % C.L.
R B(x G572)7 1)) 0.59 at 90% C.L. [A puzzle for X(3872) decay]

® Agree with Belle measurements <2.1. PRL107.09803
® In tension with the LHCb measurement[2.4610.64+0.29,NPB 886.665] and BaBar results
[3.4+1.4, PRL102,132001].

® Not likely conventional charmonium(1.2~15), but rather a molecule(3~4)*10-3 or a molecule-

charmonium mixture(0.5~5). ;



Study of X(3872) » D°D*®and yD*D™

PRL124.242001(2020)
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® BESIII observed X(3872) — D*°D° with statistical significances of 7.4c.
® No evident signal foryD*D~/ yD°DP,

® BF ratio relative to w7~ J /1 is measured.



The Y states

Measurements of more final states for the
Y and v states
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Events / (0.020 GeV/c?)
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The Y states

® The Y states discovered via initial states radiation(ISR) in ete~
annihilation have JP¢=1--
® Direct ete™ annihilation experiment BESIII can measure cross

section with higher precision at different energy points.

arXiv:1211.6271 and CHARM 2012
e*e~(yisr) = mww(2S) at BaBar and Belle
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Improved knowledges from BESIII
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Y(4220) appeared in above processes.
Mass:4220MeV, Width~60 MeV!

L 1 1 1 1 1
39 4.0 4.1 4.2 4.3 4.4 4.5 4.6

PRD.96.032004(2017) PRD.99. 091103(2019)
ete” -t y/(3686) ete” = wy.
120 T e BESI 166 L + 4~ This work
100 l Belle '] r —4- BESIII 2015+2016

80

—* BaBar

60 r
50 —
40 r

Cross Section (pb)
o(e'e—wy ) (pb)

Y(4260) has been discovered by BaBar experiment in the
mass spectrum m(n* 7~ ] /) and confirmed by Belle.

BESIII measured the cross section of different processes.

The mass and width of Y(4220) and Y(4360) from the
different processes are measured.

Two resonances describe the data with high significance
than the fit with single peak.

The intrinsic scenario for the difference on width is still
unknown.

Strategy: Search in many possible decay channels.
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--------- NonRes

---+ interference

O M = (4231.9+5.3+4.9) MeV/c?,
o= (41.2+16.0+16.4) MeV.

T AT e
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® (rosssectionofete™ > 7'[0]/1/} is measured with 12.4fb-1 dataset between 3.808 to

4.6 GeV.

® Confirms the existence of the charmonium-like state Y(4220).
® Mass and width of Y(4320) are fixed at the reported value in PRL118.092001(2017).

® Mass and width of Y(4220) is consistent with eTe™—n m ] /1.
o M(Y(4220)) = (4220.442.442.3) MeV/c?,
® [ (Y(4220)) = (46.2+4.742.1) MeV.

® Strong correlation between the production of the Y(4220) and Z.(3900).
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® The decays of the Y(4220) and Y(4360) into nJ/y final states are observed first time.
® No significant structure in ny(2S)=>more data expected.
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ete” - n.mTWT W

PRD103.032006(2021)

70 g O pmax [PP] 47.5 +13.1
60 ] m [MeV/c?] 4236.3 + 8.9
50 ) I [MeV] 70.0 +32.1
40 /| °
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—-10 O Data UL, (Mem*nnO)
: Fit
—20) F sssennenss Y|(4260), PDG
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® The Born cross section is fitted
with a Breit-Wigner function,
shown as blue line in the plot.

0

® Using data taken at center-of-mass

energies /s from 4.18 to 4.6GeV.

Significantete™ - n.ntr n°
production at /s=4.23GeV and
4.26GeV(>3.00), and larger than
5.00 summing up different +/s

points.

Observe a significant energy-
dependent Born cross section
measured to be consistent with the
production via the intermediate
Y(4260) resonance.
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Y(4630) ? Y(4660)

Py — M — Belle: PRD91, 112007 (2015), 980/fb | Y(4660) discovered by Belle in 2007
2 l{ BaBar: PRD89, 111103 (2014), 520/fb | y(4630) discovered by Belle in 2008
g . IH #1 Belle: PRL101, 172001 (2008), 695/fb  Belle: PRD89 072015(2014) 980/fb
ERN | eeona, BB T ek
°1M«*'|~' ik Mg || NN By | e KKy @

s s 5 502 04 } :i: 3 \
vy (GeV) 8 : 2 ) :

! m it f 4% T 4} 4 “'

R N LT
2 %F T AT R T S Rt % PR 45 5 5.5 6
E M(AL AD) GeV/c? . (GeV)

S Mass (MeV) | Width (MeV)
= Belle, A* A, 46348 +5 | 9240410
~— N Belle, tmy’ 46524_r1018 68+11+1
g o BaBar, oy’ 4669+21+3 104+48+10

Taken from Prof. Yuan’s Slides
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Recent BESIII measurement

o(e*e—=n*7y(2S)) (pb)

o(e'e —n*ny(2S)) (pb)

arXiv:2107.09210
i —— BESIII: PRL120, 132001 (2018)
100 = _._BESIII (This work) -8_ ~
- . BESIII (2017) R " +- Belle data
80 [~ = BaBar I > 600
- -+ Bell 5 ! B i i
. +5° i 0% 5 : ) BESTI -+ BESIII data
: * P 400 27
40__ I '."! ‘ lr‘-r < B s 14" i
: ﬁ +1 ARV T _F @l
20 % i ' I‘;‘:i_ & 7 ‘w200 3 ! +
| e g EL P
et TS o =B LT A T
IR o FF + 1 +++++Jr+ H
—201"‘ ‘ \ | © :<‘ BESIII data available
4 41 42 43 44 45 46 47 Sas = aF r v " wa
s (GeV) -
M(AIAL) [GeV/c]
138?: Solution III o ®  BESIII data confirmed Belle&BaBar’s results with
60 iiaronce much higher precision.
40 . . . — -
20 ® BESIII will provide more precise ete™ —» A A7 cross
) 28 = section results using the data from threshold to 4.95
40 [ GeV.
-60 — . . . —
A= ®  Considering the cross section results of ee™ —
x_§ o ,. LI R« S— DsDgy~ DsDg,, tension between open charm and
4¢ charmonium modes are noticed.
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The Z s states

Charmonium-like states carrying electric charge;
must contain at least c¢ and a light gg pair

17



Z.states from e™ e~ annihilation

‘ oto— - (DD*)+
Zc(3900)* ete~ s - mwtJ/p | Zc(3885)r €€ — 7 (DD*)
soPRL110, 252001
" 100 — % M= 38839 + 1.5+ 42 MeV
% 80:_ 7.(3900) +evs Beckground % i '=248+33+11.0MeV
(«2 60—— + -::j:a':: § : PRL 112, 022001 (2014) State ‘ Mass (MEV/CZ) | Width (MEV)
3 i ‘ £ Z.(3900)*  3899.0+3.6+4.9 46+10+20
o 40 )
5 = @ Z.(3900)°  3894.8+23+2.7 29.648.2+82
> 2004
= R E | , 3883.9+1.5+42 24.8+3.3+11.0
0 * : ‘ *' : ‘* — I T YT M(D%D*)Ms 41 41 Single D tag Single D tag
Mnax(@wJAp) (GeVIc) Z(3885)* 38817416421 26.6+2.0+2.3
7c(4020)* ete— — m—mth, 26(4025)* eto— s a—(D*D*\*+ Double D tag Double D tag
P 80 w27y Z(3885)°  3885.7'i3+84  35711+15
S — __ PRL113,132001]
& 100F - T ;:r;.;:;:; +
2 ' > ool ———— Z.(4020)*  4022.94+0.8+2.7 7.9+2.7426
s ™ = o0 Z.(4020)°  4023.9+2.2+338 fixed
S 60] ™ 40¢
£ = (Gz) 5 %o Z.(4025)*  4026.3+2.6+3.7 24.8+56+7.7
M :’;3 fg Z.(4025°  40255%20+4371  23.0+6.0+1.0
éj g i y —' - — ] e A Co| I QR (i | ey~ — e
95 400 405 410 4 ISMH:.(Z&V/: 4.02 404 4.06 2.08
¢ RM(t) (GeV/c?)
e 7Zc states observed at BESIII.
* Both in charged and neutral modes.
[ J

Searching for more Zc/’Zcs structures are important to identify their nature.



SearchforZ.ine*e™ —» yym m™

v’ Belle reported the results of Z.(4050)* and Z,(4025)* in B® » K~Z},Z¢ » ntyx,
[PRD 78, 072004(2008)], while BaBar did not confirm them.

v/ BESIII studies e*e™ = wm ™ x¢j, xc; = v/ /P (UF17) from 4.178 GeV to 4.600 GeV

v" None of the process are observed and upper limits of the production cross sections are
determined.

v" Hence, they can be the upper limits of the product cross sections of

‘.

ete” -»m~Z.(4050)* +c.c.,Z,(4050)* - wty,,
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PRD 103, 052010 (2021)
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Events / 6 MeV/c?

Search for Z_ stateine™e” » n.m" ™I

v' LHCb reported an evidence of Z,(4100)* - n*n,in B® - K~Z_.(4100)* with 30.
with M = 4096 + 20+38 MeV/c?,T' = 152 + 5815 MeVand J® = 0*/1~. [EPJC 78, 1019(2018)]

v Studies of ete™ - ntn~n% ., ntn~n., yn’n, at 6 energy points from 4.178 GeV to 4.600
GeV. 1. is reconstructed in 16 decay modes.

v/ Only evidence of ete™ - ntn~n'n, @ 4.226 GeV (4. 10).

v’ Different mass and width assumptions in the vicinity of DD mass are tested for ZF - ¥,
and Z2 - n°n.inete” -» ntn %), @ 4.226 GeV and found to be not significant.

Charged Z, 0, 0: upper limit at 90% C.L.
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400 f 20 20 20 20
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o gioitingegq astottitged gt iaeg S TRALTE
0L—— : ' oy aa ki XK Fagl oo EPF
2.8 3 32 10 10 10 10 ¢
m [GeV/c ] ;g Zin'n, Iy =8 MeV ;2 Zin'n Iz =18 MeV ;(5) Zon'n Iy =28 MeV ;: Zin'n, [y =38 MeV
2

5l . 25 25 25
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PRD 103, 032006 (2021) 14




Observation of Z.,(3985)~

ete™ - K*(D;yD*° + D~ D).
3.7fb! data between 4.62 and 4.7GeV.

Study the mass spectrum of recoil mass of K.

PRL126.102001(2021)

N
@

Total fit ——+— Data

------- non-Res.
D,., BKG

_}__1H@

- )
-~
e T
- e o b
L I L L

4 4.05 41 4.15
K= Recoil Mass (GeV/c?)

W
o

L L DL L L L L L L

. Events/ 5.(IJ\)MeV/c2
o

—

Partial reconstruction of the process, tag K* and D; .

ete” - K*D;D*0

o
_ /@\ Dy -

6%

N

Dy

T

ete” > K*D:D°
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Observation of Z.,(3985)~

PRL126.102001(2021) 1 D.,(2573)* [ Total

275)0mm@m™————————7 7+ 1 NR(1%)ss [ Ds(2573)*xXNR(1%)ss
_F Vs =4.681 GeV1 24| ' ' ' '
N, 27:_ Right-Sign E NU 20t H
> E e p - =
%2.65:— At v - r % 16} + +
S e T : S 12} 1[ H Wl Jf
P~ 26_ ‘ * ‘. 0:'&‘ __'.
~ AT : = 8 Jr
A : L Vi e Daoh . v 4|1
g255F SR S R Ly %H | ‘
2, & .... o XA ] & 0+ + +1L 1
> 25F i = S YT |1[ I ITI
- 0 LE 4} ]
2. 5" A PR T~ Sl - M W L W S v M e G _qt
4 4 4.05 4.1 4.15 g

4.00 4.05 4.10 4.15

RM(K+) (GCV/CZ) RM(K+)(GCV/C2)

m A structure next to threshold raging from 3.96 to 4.02GeV/c?.

m The enhancement cannot be attributed to the non-resonant (NR) signal process
ete™ - K*(D;D*° + D~ D9).

m Cannot be described by any processes involved excited D*(s) and even the

interference between any two open-charm processes.

22



Events /(5.0 MeV/c?)

Observation of Z.,(3985)~

PRL126.102001(2021)

40
(s = 4.681 GeV —+— Data
30k (a) Total fit
i — — — Z,4(3985)
20 F Sp— : 5*1(2600)°D*°
' eell T'llelIl ™ " |8, | ~~~~°°° non-Res.
10 | AN *)
I %775 Dg D,
N SN /775552 comb. BKG
4 405 41 415
20
15 *
10
5 M!n _ ] ’ | 1 | I
4 4.05 41 4 4.05 4.1
20
s =4.661 GeV (s = 4.698 GeV
12 (d) * \ e)
Ll : I \
it b Lt g
5 f iRy | I? W
0 4 4.1 4 405 41 415

RM(K*) (GeV/c?)

The JP of Z,,(3985) is assumed as 17; =>(8,S) is the
most promising configuration.

Simultaneous unbinned maximum likelihood fit to five
data samples.

Z.s(3985)~ signal shape: S-wave Breit-Wigner with
mass dependent width with phase-space factor.

o VI P ’
Fi M) % |3 m3 + imo(fT1(M) + (1= )T5(M)) |
Tj(M) =To- 2. 20

J

my(Z.s(3985)7) = 3985.2*33(stat.) + 1.7(sys.) MeV/c?
I,(Z.(3985)7) = 13.87 32 (stat.) + 4.9(sys. )MeV.

The significance with systematic uncertainties and look-
elsewhere effect considered is evaluated to 5.3c.

At least four quark state (ccsu).

Only a few MeV higher than the threshold of

D;D*/Di~D° (3975.2/3977.0)MeV. 23



ates / (1

Candi

200E

Z..(3985)~ and Z,.,(4000)"

PRL126.102001(2021)
/s = 4.681 GeV

my(Z.s(3985)~) = 3985.2*33(stat.) + 1.7(sys.) MeV /c?
I,(Z.5(3985)7) = 13.8732(stat.) + 4.9(sys. )MeV.

my(Z.5(4000)7) = 4003 + 6(stat.)*1, (sys.) MeV/c?
I5(Z:5(4000)7) = 131 + 15(stat.) + 26(sys. )MeV.

m Could Z.,(3985)™ and Z.,(4000)~ are the same

i P S - | state? =>Mass consistent within 1o while width differs
4 4.05 4.1 4.15 o
RM(K*) (GeV/c?) significantly.
" PRL127.082001(2021) i m A tetraquark state or a molecule-like? Or threshold

LHCb kinematic effects ? Or other scenario?

m Study Dy D*°/Di~D° K*] /i system from B decay
in e*e™ annihilation are needed. =>No clear
structure from Belle study in ete™> KYK~J /Y

PRD89, 072015 (2014).

100F

36 38

= BESIII will release K*K~J /1y result with same

mﬂw -

4.2
o [GeV] data sample. 24



Summary

Lots of progress in the study charmonium like states at BESIIL.

Unique data samples from 4.0 to 4.9GeV at BESIII provide good
opportunity to study XYZ.

New decay modes observed for X(3872).

More final states for the Y and y study are measured.

7.s(3985)” was observed in e*e™ —» K*(D;D*° + D" DY).
B Strangeness-partner of Z.(3900)?

More analysis results on XYZ are in progress.
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Thanks for your attention!
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Beljing Electron and
Positron olllder BEPCII)

Beam Energy: 1~2.3
GeV(upgrade 2.45 GeV)

Crossing angle: =11 mrad
Design luminosity:

1033cm-2s1 at /s = 3.78
GeV(achieved in 2016)



The BESIII Detector

NIM A614, 345 (2010)

Magnet: 1T Super conducting

5600 MDC: small cell & He gas
/ C,,=130 pm
S e a— 6,/p = 0.5% @1GeV
H ‘ || | | S dE/dx=6%
188 - =+ TOF:
9 or = 60 ps Barrel
: 70 ps Endcap

Muon ID: 8~9 layer RPC
oro=1.4 cm~1.7 cm

EAMCAL_!2 Csl cr%/stal Data Acquisition:
(];:/ E=_0 5‘50/"7%11/(\;/%‘7 Event rate = 3 kHz Trigger: Tracks & Showers
g,z — U.2~0. Throughput ~ 50 MB/s Pipelined; Latency = 6.4 us

The new BESIII detector is hermetic for neutral and charged particle

with excellent resolution, PID, and large coverage. )3
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ole'e >’ y(2S)] (pb)

o

T Y(4630)? Y(4660)? . {h

e*e~>D,D.,

6 x Br(nb)
(=
T

A tﬁmﬁh{hﬁmwﬁﬁ

5
M(D.D_,(2536)) (GeV/c?)

47 48 49 5 51 52
M(A} AY)

4.2 4.4 4.16 4.8 5 52‘ 54 5.6 58
E ., (GeV)
Womss Tension between open charm

i , | | & charmonium modes.

Lyt 1 S

Ml L Parametrization affects the

st resonance parameters.

f5(GeY)

T *
- W e'e>D.,D,,
e -,._:
= Tl
© OHI[ 1] ]Ulu TI 1_I_|1- 1.T'-|-+{'Fhﬂ%l
53 54 . .
> 45 5 55
GeV/e® M(D!D",,(2573)) (GeV/c?)

Experiment | Mass (MeV) | Width (MeV)

Belle, tmy’  4652+10+8 68+11+1

BaBar, nmy’ 466942143 104+48+10
BESIIl, mmy’  4651+38+2 15542541

Belle, A* A, 46348 _*5 92+40_,,+10
Belle, D.D,, 4625962 ;,+0.4 49.8+139 . +4.0
Belle, D.D",, 4619.8*89 ; +2.3 47.0*313 . +4.6

Taken from Prof. Yuan’s Slides
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