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New forms of hadron

B Conventional hadrons consist of 2 or 3 quarks:
Naive Quark Model:

meson ! baryon

B QCD predicts the new forms of hadrons:
e Multi-quark states : Number of quarks >= 4

e Hybrids: qqg, qqqg ...
e Glueballs: gg, ggg.. 8 % 8




Beijing Electron Posﬁron Colllder (BEPC)

T = = g
beam energy: 1.0-2.3 GeV Update to 2.45 GeV

% 2004 started BEPCII upgrade
BESIII construction
% 2008: test run
D 2009 now: BESIII physics run
» + 1989-2004 (BEPC):
> : Lea=1.0x10%! /em?s
e’ + 2009-now (BEPCII):

Lcai=1.0x10%%/cm?s
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R inner: 63mm ;
Crystals: 28 cm(15 X,)

Barrel: | cos0]<0.83

Endcap:
0.85< |cosO| < 0.93

R outer: 810mm
Length: 2582 mm
Layers: 43

RPC MUC TOF

BTOF: two layers
ETOF: 48 scintillators for each
MRPC --- new ETOF

BMUC: 9 layers — 72 modules
EMUC: 8 layers — 64 modules




Data sets for XYZ study
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Z . calendar at BESIII

Year | State M (MeV) I' (MeV) | Process

2013 | Z.(3900)* | 3891.24+3.3 40+8 Y (4260) - nt(J/YrT)
2013 | Z'.(4020)* | 40229428 | 7.9+ 3.7 | Y(4260,4360) » w¥(h.T)
2014 | Z'.(4025)* | 4026.3+45 | 24.8+95 @ Y(4260) >~ (D* D*t)
2014 | Z'.(4020)° | 4023.9+4.3 | 7.9+3.7 | Y(4260,4360) —» 7°(h,n°)
2014 | 7.(3885)% | 3883.9+45  25+12 Y (4260) —» = (D*~D%)
2015 | Z',(4025)° | 40255+4.6 | 23.0 46.1 ete” » n°(D*D*)°
2015 | Z,(3885)° | 3885.7+9.8 | 35419 ete” > n%(D*D)°

PDG naming: Z.(3900) = X(3900), Z.(4020) = X(4020)
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First observation of Z.(3900)=

T

70
60
50
40
30
20

" A 4-quark state?!
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BESIII: PRL 110, 252001 (2013) ~ P2t
— Total fit

-=== Background fit

BGSIII - PHSP MC
>8q + [ sideband

+ o A l.-:ﬁtu..
) '-;'.'lu.‘.:.
L]
T A,
+ ..-J. .

X

3.7 3.8 3.9 4.0
M, (tt/y) (GeV/cd)

Belle with ISR data (PRL110,252002)
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Z.(3900)*: FJP=1*
m = (3899.0 + 3.6 & 4.9) MeV/c?
I' = (46 & 10 & 20) MeV

Mass close to DD* threshold

Decays to J/y - contains cC
Electric charge - contains ud

olete = mtaJ /] = 62.9 + 1.9 + 3.7 pb at 4.26 GeV

olete” ST A E00F omtn /Y] _ (91 5 4 3.3 4+ 7.5)% at 4.26 GeV

olete——atn—J/y]

DO with 10.4fb~1 pp data (PRD98, 052010 (2018))
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.252001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.252002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052010
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Z.(3900)°: isospin vector, 1¢ =17
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(a) 4.230 GeV, 1091.7 pb'’

PRL 115, 112003 (2015)
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Simultaneous fit:

Mass:
3894.8 + 2.3 + 3.2 MeV
Width:

29.6 + 8.2 + 8.2 MeV


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.112003

PWA determination of J° = 1% for Z.(3900)*
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.072001

Angular distributions for different J° within Z. mass region
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Events in the Z, mass region My, €(3.86,3.92) GeV

Background events subtracted

0 : the polar angle of Z., 6, : helicity angle of J/ys

Spin and parity for Z. determined 1% with significance >7.5¢
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.072001

Search for Z.(3900)* open charm decays
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092006

Search for Z.(3900)° open charm decays

ete” > %(DD*)°, tag DYDY or D°D° PRL 115, 222002 (2015
Sum of /s = —¢— Data
80 4.23,4.26 GeV — Global Fit
----- Signal
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Z.: S-wave Breit-Wigner function with I'(s) = [, = M

Pole mass: 3885.7¢%3 4+ 8.4 MeV
Pole width: 35f + 15 MeV 12


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.222002

Insignificant decay of Z.(3900)% —» wth,

e+e_ - T[+T[_hc Ltotal —_ 246 fb_l
— r at /s =4.23, 4.26 and
w S0F  7.(3900)% 7.(4020) 4.36 GeV
% 40 ¢ | n. reconstructed
O : exclusively with 16
= 30¢ light hadron modes
— I
—
Em- 20 o Fixing Z.(3900) mass
- -' and width in the fit yields
= 10
> olete” > ntz,Z. > nth,)
= 0 <13 pb~!at4.23 GeV

3.8 3.9 4.0 - o < 11 pb~? at 4.26 GeV
M., (GeV/c?) eImEL

PRL 111, 242001 (2013)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.242001

Strong evidence for Z.(3900)% — pin.

- ete” -t V., withn, — 9 hadronic decays (17, —

pp, 2(KYK™),n*n K*K~,K*K % ppn®, KsK,
ntn ™ n,K*K n,nt n “91Y)

« Strong evidence of ete™ - wZ., Z. - pn.only at+/s = 4.23

GeV (3.90 including systematics)
ete™ »nZ., Z. - pn. notseen.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.111102

Strong evidence for Z.(3900)% — pin,

 Measured Born cross section at 4.23 GeV:
dB8(ete” > ntn nn.) =(46+12+10) pb
cB(ete” »mZ.,Z. - pn.) = (47+114+11) pb

PRD 100, 111102(R) (2019)

Vs = 4.226 GeV /s = 4.258 GeV /s = 4.358 GeV| Type-I  Type-I  Molecule
Rz (3900) 22+ 0.9 < 5.6 2307330 q.zﬁ‘é-ﬁ;’ 0.0467000
Rz, (1020) < 1.6 < 0.9 <14 6.6 175" 0.01010-000
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.111102

Events / ( 0.001 GeV/c?)

Observation of charged Z.(4020) — mh,

ete” »ntn " h, h, - yn,n, - 16 modes
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M=4022.9+0.8+27MeV, T=7.9+2.7+2.6 MeV, $>8.9¢
Cross section g(ete™ » ntZc(4020)* - n*tn~h,)

Vs =4.23GeV: (8.7 1.9+28*14)pb
Vs =426GeV: (7.4+1.7*+2.1+1.2)pb
Js =436Gev: (10.3 2.3+ 3.1 *1.6) pb 15



Events/0.0125(( }e\"fcz)

Observation of neutral Z,.(4020) — mh,

ete”™ > 7%, h, - yn.,n. » 16 modes

PRL 113, 212002 (2014)
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Z.(4020)%: M = (40239 +2.2+3.8) MeV, T : fixed
Cross sections and ratio to that of charged Z.(4020)

Vs (GeV) n'?éb?mzmﬂ ocB(ete™ — n%Z,.(4020)° - 7%2°h,) (pb) R.7 (a020)

4.230 21. 774 65£22+074£1.0 0.77 £0.31 £0.25
4.260 2254+7.7 835294+ 1.1+£1.3 1.21 £ 0.50 4 0.38
4.360 17.24+7.2 99+41+£134+£1.5 1.00 £ 048 4= 0.32



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212002

Observation of charged Z,.(4020) » D*D*
ete” — (D*D*yEn® [(D*D*)* = D*'D* and D* D)
L(/s = 4.26) = 826 pb~1, only bachelor pion & one D* reconstructed
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PRL 112, 132001 (2014)

S-wave Breit-Wigner

Mass:
(4026.3 +2.6 +3.7) MeV

Width: )
(24.8+5.6+7.7) MeV,

olete” — Z,(4020)*n* — (D*D*)*n¥]
olete™ — (D*D*)*n¥]

=0.65+£0.09 £ 0.06.J


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.132001

Observation of neutral Z.(4020) - D*D*

ete” — (DODNAY and (D D* )
only bachelor pion & two D reconstructed, use £ = 1092 + 826 pb~?!
at /s = 4.23 and 4.26 GeV, respectively

PRL 115, 182002 (2015)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.182002

Cross section (pb)

Z.(3900) and Z'.(4020) production cross section
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New Z. inete” > mtm~y’ ?
D96, 032004 (2017)
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« A narrow structure observed in my’ mass spectrum for data at
Vs = 4.416 GeV.
 Perform fit to Dalitz plot of M?(r*y") versus M?(m~y")
with a S-wave Breit-Wigner function.
p-q/c’ p-q/c’
2 2 + 2 2
(M§ — x)? + MgT'2/c*  (M§ — y)? + MiI'? /c*

« Afityieldsamass M = 4032.1 + 2.4 MeV and width
I'=26.1+ 5.3 MeV with significance 9.2¢.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.032004

New Z, inete” » ¢’ ?

Fit intermediate states: 1ignore interference & fit can’t describe date well
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.032004

Open issues for Z./ Z_. states

Inconsistent mass and width of Z.(3900) measured in experiments.

WEIGHTED AVERAGE
3886.6+2.4 (Error scaled by 1.6)

--------- ABLIKIM
- ~* ABLIKIM
------- ABLIKIM
- ABLIKIM
L
-+ XIAO
- XIAO

" PDG2018: Z,(3900)
M = 3886.6 + 2.4 MeV
[=282+2.6 MeV

15AB BES3
15AC BES3
15U BESS
14A BES3
13T BES3
13B BELL
13A

13A

(Confidence Level = 0.015)

3860

3880 3900 3920

Z.(3900) MASS (MeV)

Comments:
* Inconsistent width definition, e.g. pole width, BW width

No interference effect considered

3940

XZ
0.0
4.8
43
0.4
4.1
1.0
0.0

2.8

17.4

width (MeV) experiment

51.8 £4.6 £36.0 ¢" ¢ — w7 J/¢
35 71 +15

26.6 £2.0 +£2.1
29.6 +8.2 +8.2
24.8 +3.3 +11.0
46 +10 420

et e — Dﬁ*) 0
et e — 1 Dﬁ*) -t
e e — m'70J/Y

et e — DD’ )~

e" e > mtn J/
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Open issues for Z./ Z_. states

« 7'.(4020) mass and width.

1555 (eror scaled by .7
Ilyl:llg?szilli ﬁxev 4025.5 20431 ot o (DD )on
40263 £2.6 £3.7 & ¢ — (DD ) o
4023.9 +2.2 +3.8 " e — 7'70h,
4022.9 +0.8 £2.7 e" e — 7w h,

2

X
~ ABLIKIM 15AA BES3 25
- - ABLIKIM 14B BESS 1.5
++ ABLIKIM 13X BES3 241

6.1
(Confidence Level = 0.048)
|

-10 0 10 20 30 40 50 60

X(4020) WIDTH (MeV)
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Z. problem and prospects

Complex ] /1y, mmy' Dalitz plot at higher energy —
How to understand the Z_. properties?
Lacks of Z,. argand plots
Insufficient experimental information on the Z,. decays and new
excited Z . states.

Huge XY Z data plan

Large integrated scan luminosity from 4.0 ~ 4.6 GeV
500 pb~1 atinterval 10 MeV

Huge luminosity at some specific points ~ arXiv:1912.05983

channel data plan luminosity cross section precision  # of events
atr=J /Y (1) 500 pb~! at 4.30 GeV 3% 1270

7 h(1P) (1) 500 pb~! at 4.30 GeV 9% 220

nJ /v (1) 500 pb™! at 4.30 GeV 30% 28

T (3686) (1) 500 pb~t at 4.30 GeV 3% 230
ntrJ/ (2) 5 bt at 4.23 GeV <1% 18k
nta=J/ (2) 5 b1 at 4.42 GeV 3% 3k
a1 (3686) (2) 5 th=1 at 4.42 GeV 2% K B



https://arxiv.org/abs/1912.05983

Competition with other experiments

_1 -
arX|v 1912 05983 Assume 50 ab_ of Belle Il data in 10

3000 ¢ MeV energy bins.
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Future data taking plan of BESIII
Plan Data Sets

XY Z plan (1) 500 pb~! at a large number of points between 4.0 and 4.6 GeV
(

XY Z plan (2) 5 fb™t at 4.23, 4.42 GeV for large Z, samples
XY Z plan (3) 5 b1 above 4.6 GeV

charmonium plan 3 x 10” ¢/(3686) decays

Along with top-up technique
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Summary and remarks

Quantum numbers are established for Z.(3900) as I¢(JF¢) =
1*(1%7). Itis observed in Z, — 7 /Y, pn. and DD*

Spin and parity for Z'.(4020) are not known, but it’s I¢ = 17
established. Itis observedin Z, — mh,, D*D* modes.

To resolve the continuum or resonant production of these Z,
sates, measurements of production cross sections above 4.0 GeV
IS necessary.

To resolve inconsistent mass and width measurement for Z,. and
Z/ states, coupled channel analysis is desirable.

Other measurements, such as Argand plot, and tests of Z_.
production model are helpful to figure out the structure of Z,.
states.

BESIII plans to take more XY Z data and continue the study.

Thanks for your attention. 27



