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QCD predicted states

® EXxotic hadrons: states composed of quarks and gluons beyond
conventional mesons (gg) and baryons (qqq).

Pions, charmonium, etc |

. Protons, neutrons, etc
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Different compositions and binding
schemes:

® Hybrid : Ng,ans = 2 + excited gluon
® Glueball: Ny, =0 (99, 999, ...)

® Molecular state: bound state of more
than 2 hadrons

® Compact multiquark state: N 55> 3

® Provide new insights into internal structure and dynamics of
hadrons.

® Unique probe to non-perturbative behavior of QCD.



Exotic hadrons in heavy-heavy systems ¢C or bb

Charmonium (cc)-like spectrum
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Bottomonium (bb)-like spectrum
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® Theoretical models are well-established for conventional states: QCD potential
modes are well constructed.

® Experimentally easier to measure: relative narrow compared with light hadron

systems.

® Quarkonium-like exotic states is an ideal place for exotic search.



&, The Zc Family at BESII|I
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'%r 1: = gl:. Freliminary
@ £
5 g
P RS

o 7 H,,jlig*.hl?éﬂwﬂ “{T'}JJ’W' Q[re‘b it ]
ete” s a-atJ/y ete™ — n9nO%U/

Zc(3885)* Zc(3885)°

ST: PRL112,022001(2014)

DT: PRD92, 092006 (2015) ' -115,222002(2015)

EvengA0 s Gevic ™)

-

(=1}

—4-Dala

= Global Fit

== Signal
Incl. Bkg

== PHSP

Events / ( 10 MeV/c?)

ey Yl IO i OO i
405 41 445 385 39 395 4 405
M(DD") (GeV/c?)

(D*D)°

ete™ — 1= (DD*)™
OO0 What is the nature of these states?

Zc(4020)*
PRL 111, 242001(2013)

| ﬁ( W

L0 e
£

1S

i3 32 o4ap 4l
Mg ey

X

et W

fo= 20 ams 4 415 am 4.25
M, (GEViE)

ete™ s 7 mtha
Zc(4025)*
PRL 112, 132001 (2014)

—. - pomb. BEG ~ —4 dsta
I — tolal ft
Z_[4025)
PHSF signal

..E. ¥

Evarts /{ 25 Mevic® ]
=
il

402 4.4 406 408
AT (Gelie™

ete™ — n~ (D*D*)~

Zc(4020)°
PRL113,212002 (2014)

Ewenta/il, 81 GeViet)

M""‘ i iGeVict)

ete~ — m97%h,

Zc(4025)°
PRL115, 182002 (2015)

T T
4.23GeV+4.26GeV

T
£ =z3cav] |
2 wf i ]

Pt
LR
1 ]

g
T

Events/(5SMeV/c?)
=
Evonta v

8
T

5
T
=1 ..."..’
P ——
|

=]
T T

4‘08 4.1
RM(x%)(GeV/c)

(D*B*)O

O Different decay channels of the same observed states? Other decay modes? J°?
O Searches for Z ., partners were proposed few years ago. e.g., Z.q/Z.s = KJ /Y, D.D*, D; D,
D;D* etc. => decay rate of Z ., to open-charm final states is supposed to be larger than

hidden-charm.



Do searchin ete™ - K¥(D;D** + D;~DY)
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® BEPCII extend the energy limit to 4.7GeV in 2019-2020.
® \We analyze 3.7fb! data accumulated at 4.628, 4.641, 4.681, 4.698GeV.
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How to identify ete™ - K*(D;D*° + D;~D?)

DO
D*° /
'@ 0,
’ \ D— /’ \ D:'_
S s . N
| K* ‘ K*
ete” - K*D; D*0 ete” - K*D: D°

® Partial reconstruction of the process ete™ - K*(D;D*° + D}~ D?)
= Reconstruct a D with two tag modes: Dy » KK~ and Dy -» K*K™m~.

= Tag a bachelor charged K™.
= Use signature in the recoil mass spectrum of K* Dy to identify the process of

ete™ - K*(Dy D™ + D;~D°). Similar technique with the paper
of Zc(4025)* observation.

= Study the mass spectrum of recoil mass of K*.
PRL 112, 132001 (2014)

= The charge conjugated channels are also implied.



Tag a Dy and select K*(D; D*° + D:~D?) signals
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For D; - K*K~m~ process, keep the events only in
1)D; > (K K*): M(K"K*) < 1.05 GeV/c?.
2) Dy - K~K*(892)(K*rm™):
M(K*m™) € (0.85,0.93) GeV/c?.
O RM(K*D;): the recoil mass of K*D; .

O M(Dg): the reconstructed mass.
O m (D, ): the mass taken from PDG.



Select candidates for K*(D; D*° + D~ D?)

very evident peak

200 F—2.»>DD°  |s=4.681GeV] m Data-driven technique to describe
180 £ ----- Z;,— D*.D + —— Data E

— K'D;D — Fitresult 3 combinatorial background.
— - K'D*,D° WS 3

= Right Sign(RS): combination of D; and K.
= Wrong Sign(WS): combination of Dg and K~

e 5 to mimic combinatorial background.
1.95 2 2.05 2.1

RM(K"D)+M(D))-m(D)) (GeV/c?)

= No peaking background observed in WS events; => WS technique is well validated by
MC simulations and data sideband events.

s Bothete™ - K*D;D*®and ete™ —» K*DZ~DP° can survive with this criterion.

= Fittingto RM(K*D;) sideband events give number of WS in signal region: 282.6 +12.0;
= This WS number will be fixed in RM(K %) spectrum fitting.



RM (K" Dy ) distributions at other four energy points
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(a)Recoil mass of KT D, at /s = 4.628 GeV.
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(c)Recoil mass of Kt D at /s = 4.661 GeV.
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(b)Recoil mass of K" D at /s = 4.641 GeV.
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(d)Recoil mass of KD, at /s = 4.698 GeV.



Recoil-mass spectra of K™ and two-dimensional distributions
of M(K*D;) vs. RM(K™)
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= The K* recoil-mass spectrum in data at 4.681GeV.

= Combinatorial backgrounds are subtracted.

= Astructure next to threshold raging from 3.96 to 4.02GeV/c?.

= The enhancement cannot be attributed to the non-resonant (NR)

signal process ete™ - K*(D; D*°

+ D:~DY).
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Check with high excited Dg™ states

* DO
< ® J[e
D
P o V6 " 4 K
j ‘_ 3 s 0
DS ~ D_
S| masvevie) | wanvew) | | 0t | 0rkoDi |
D¢y (2536)+ 2535.11+0.06 0.92+0.05 1+ (*) Fixed in nominal f|tt|ng PVin decay
D}, (2573)* 2569.1+0.8 16.940.7 2+ Not decay to KD* (*) Fixed in nominal fitting
Q=-139.3MeV
D}, (2700)* 2708.37%9 120+11 1- (*) Fixed in nominal fitting P-wave suppression in
production.
. L . _ Q=-290MeV;
D}, (2860)* 2859127 159480 1 (BlE= Conmblit'izg:;:vl)ﬂ @y P-wave suppression in
Q= ' production.
. i (*)F-wave suppression; _
DZ; (2860)* 2860+7 53+10 3 O=-147MeV Q=-291MeV
* Dy 0(07) = Most high excited D;* states have negative Q value or forbidden due
o D;t (".i'?)
« D(2317)% 0(0%) to Parity Violation.
» Dy (2460)* o1+ — —
A ) = D (2536)*(K*D*)D;, Dz, (2573)*(K+D°)D;~ and
* Dq(2536)" 0(17)
* Dy(2573) 02*) D (2700)t (KT D*%)D; are studied using control sample.
« D?(2700)* 0(17)
D*, (2860)* 0(17) = Most high excited D(s) states contribute a broad peak around 4 GeV
D?,(2860)* 0(37)

Dy (3040) 6] which could not describe the enhancement in RM(K™). 1



Check with high excited D**states

mass(MeV/c?) |width(MeV) | JP | D**O(k*D:")D D***(K*D;)D*
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Q=-72.22MeV

below KDs* threshold;

soft Kaon

Q=-39.52MeV

soft Kaon
(*)Test fit
(*)Test fit

(*)Test fit

(*)Control sample

— m’(y)

~

Dy

N

/
1@%K+

PV decay

(*)Test fit

PV in decay

(*)Control sample &
nominal fit

PV in decay

P-wave suppressed.
Q=-89.8MeV

Dy

~

D*°

D(2640) is quite narrow and not confirmed by any high statistic experiment including LHCDb.
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Check with high excited non-strange D7 (2600)"states

The RM(K™) spectrum is distorted due to
limited production phase space. However, it
IS much broader than the observed
enhancement.

ete™ - D*°D;(2600)°(— Dy K1) is
studied using an PWA of control sample
ete™ - D*°D;(2600)°(—» D~n™).

The ratio R= B(D;(2600)° —» D; K™*)/
B(D;(2600)° - D~ m*) is unknown.
=> difficult to produce absolute size.

Determine the ratio in nominal simultaneous
fit, providing constraint on its size.
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Interference effect of K™ D.~ DY final states (1)
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RM(K*)(GeV/c?) RM(K*)(GeV/c?) RM(K*)(GeV/c?)
(a)D(2550)° DY and D7 (2600)° DY (b)D(2550)° DY and NR 17(S, S) (c)D(2550)° DY and NR 11(D, S)
[ Ds(2573) [ Total [ Ds(2573)* 1 Total [ Ds(2573)Y [ Total
[ D(2550)° [ D.(2573)*xD(2550)° [ D;(2600)° [ D.(2573)*xD; (2600)° 1 NR(1%")ss [ Dsr(2573)YxNR(1 " )ss
o 24 ' ' o 24 ' o 24 ' '
L 20 H L20 H L 20 H
> 16 J[ J[ > 16 + + > 16 J[ J[
=12 =12 =12
S g + S g ]l S g _L
uwy 1 iy Ta) N A E S +
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g T — 1 1 T ' g T g | I T f
=z 4 T 5 4 & 4 ﬁ
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4.00 4.05 4.10 .15 4.00 4.05 4.10 415 4.00 4.05 4.10 4.15
RM(K*)(GeV/c?) RM(K*)(GeV/c?) RM(K*)(GeV/c?)

(d)D?*,(2573)* D5~ and D(2550)° DY (e)D*,(2573) " DI~ and D7} (2600)" D" (F)D2,(2573)* Di™ and NR 17 (S, S)

® Data subtracted with WS backgrounds.
® Any two MC simulated backgrounds with interferences are taken into account.

® The interference angle is tuned to give the largest interference effect around 4.0GeV/c?.
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Interference effect of K™D~ DY final states (2)

[ Ds(2573)" [ Total [ D;(2600)° [ Total
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= NN
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Y]

Events/ 5.0

[ N = o]
+
—_

® The component of non-resonant process is also considered
momentum (Lyx, L _ o) assumption.

N

1 D;(2600)° [ Total
C—J NR(1*)ps [ D, (2600)°xNR(1*)ps

Events/ 5.0

4.00 4.05 4,10 4,15
RM(KT)(GeV/c?)

(i)D7(2600)" DY and NR 11(D, S)

under different angular

® Normalizations are scaled according to the observed yields in control samples.
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Interference effect of K D; D™ final states (1)
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16



Interference effect of K D; D™ final states (2)

[ D« (2700)* [ Total

[ D.(2700)* [ Total

1 NR(1%)ss [0 Ds1(2700)*xNR(1 % )ss

[ Dy(2700)* [ Total

e e o )

L 20 H L 20 H S

>16 J[ ]l > 16 J[ + >

=12 J[ H 1[ J[ =12 ]l H 1[ J[ S 12

< 8 + < 8 =

£ 0 i 7 =0 A -

S 4" H I 2 4 T >
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RM(K*)(GeV/c?) RM(K*)(GeV/c?) RM(K*)(GeV/c?)

(g)D? (2700)" Dy and D} (2600)%D*0

(h)D*,(2700)* Dy and NR 1% (S, S)

(i)D* (2700)* Dy and NR 1(D, S)

[ Ds1(2700)* [ Total [ NR(1%)ss [ Total
[ NR(1%)ps [ D (2700)*xNR(1% )ps 1 NR(1%)ps 1 NR(1)ssxNR(1% )ps
~ 24 ~ 24
V20 V20
7 16 1l ]l Z 16 J[ ]l
=12 H J[ }[ =12 +
< 8 < 8 I
Ty J[J[ g i T
£ 0 e '!"J' £ 0 T Rans
S 4 L I B I I
= g = g
4.00 4.05 4.10 4.15 4.00 405 4.10 4.15
RM(K*)(GeV/ic?) RM(K *)(GeV/c?)
(j)D*,(2700)* D5 and NR 1% (D, ) (k)NR 17(S, S) and NR 1+ (D, S)

Interference between any two D 5/NR will not produce such a
narrow peak we observed in data.
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What do we learn

Do you clearly see ete™ — K*(D;D*® + D~ D%)events? Yes
Can the WS shape represent the combinatorial backgrounds? Yes
Do you see an excess of data over the backgrounds? Yes

Is the enhancement due to the ete™ - Kt (D; D*° + D~ D®) non-resonant
process? NO

Is the enhancement due to the D(*S*) resonant process? NQO
Is the enhancement due to interference effect between any D 5)/NR? NQO

Can we try the assumption of ete™ - K*Z_,,Z-. - D D*°/D;~ D" to

Interpret it?
P Yes, we could.
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Study of recoil-mass spectra of K™

PRL 126, 102001 (2021)

40
%35 Vs = 4.681 GeV Data
Total fit
——— Z,(3985)
- D" (2600°D*" o
------- non-Res.
w D, D
f sy, comb. BKG
8, S e w e ®
4 4.05 4 1 4. 15
RM(K") (GeV/C )
i NN :
[Te] 10 r Lo'1 0 r ‘}
2 5] 25/ ; _
o L o L
> F > L
Lu O - - ! el R M et el £ 1" ] LIJ 0 = =r ﬂ;,.la)'f, A 5 e 1 PR
4 4 05 41 4 4. 05 4.1
RM(K*) (GeV/c?) RM(K*) (GeV/c?)
L.t (s=4.661GeV % [ s=4.698GeV
> (d) > o
. N
510 310, °
£5 25l
[1}] @ C
= . = L B A g o)
L O B e el T I} O P R e 2 ¥ n P AR R LE=w]
4 4.05 4.1 415 4 405 4 1 415

RM(K™) (GeV/cD)

RM(K™) (GeVieh)

Resonance parameter'
mo(Z,5(3985)7) = 3985.2%21(stat.) MeV/c*®

I[,(Z.5(3985)7) = 13.8*81(stat. )MeV.

Assume the structure as a Dy D*° /D~ D°
resonance, denote itas Z.;(3985)".

Simultaneous unbinned maximum likelihood
fit to five energy points.

Z:5(3985)~ signal shape: S-wave Breit-
Wigner with mass dependent width with
phase-space factor.

Fi (M) o M2 —m2 +imo(fT1(M) + (1 — f)T2(M))
[j(M) =To- 2 5f

The potential interference effects are neglected.
The JP of Z.,(3985)~ is assumed as 17;
=>(S,S) is the most promising configuration.
The significance with systematic uncertainties
and look-elsewhere effect considered is
evaluated to 5.3c.

ete™ - D*°D;(2600)°(— Dy K1) is fitted to
be negligible.
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Cross-section measurement at each energy point

® Born cross section:

oBoM(ete™ » K*Zz + c.c.) - B(Zz - (D;yD*° + D;~D?))

Nobs

- Lint (148) fyp-(€1+€2)/2 |

Vs(GeV) | Lint(Pb™7)  nsig  feorr&(%) o” - B (pb)
4.628 511.1 42797 1.03  087)% +£0.6(< 3.0)
4.641 541.4 93703 109 1.6717 +£1.3(<4.4)
4.661 523.6  10.6759 128 1.6717 +0.8(< 4.0)
4.681 1643.4  85.2H115  1.18 44700 £1.4
4.698 526.2  17.8751 142 2471 4+1.2(<47)

® Uncertainty is quite large,

® Any Y states around 4.68GeV?

4 -

e

|

4.62

4.64

4.66

4.68

47 472
Vs (GeV)
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Systematics uncertainties

TABLE III. Summary of systematic uncertainties on the Z.,(3985)” resonance parameters and cross sections at /s=4.628,
4.641, 4.661, 4.681 and 4.698 GeV. The total systematic uncertainty corresponds to a quadrature sum of all individual items.
“...” signifies that the uncertainty is negligible.

Source Mass (1\-{8\"/(52) Width (I\[e\") 04,628 * B(%) T4.641 ° B(%) T4.661 ° B(%) T4.681 B(%) T4.698 * B(%)
Tracking 3.6 3.6 3.6 3.6 3.6
Particle 1D 3.6 3.6 3.6 3.6 3.6
K¢ 0.4 0.4 0.4 0.4 0.4
RM(K™D;) e e 4.0 0.3 0.4 0.6 0.2
Mass scale 0.5

Resolution 0.2 1.0 0.2 1.0 1.9 1.1 0.8
f factor 0.2 1.0 7.8 7.7 6.7 6.4 5.9
Signal model 1.0 2.6 20.5 14.4 16.6 21.9 11.2
Backgrounds 0.5 0.5 54.8 5.9 12.0 3.1 7.8
Efficiencies 0.1 0.2 0.2 0.2 0.2 0.5 0.1
Dy states 1.0 3.4 47.1 82.2 35.3 15.7 35.3
o (K" Zs(3985) ) 0.6 1.7 11.9 5.7 22.1 13.4 32.1
Luminosity 1.0 1.0 1.0 1.0 1.0
Input BFs 2.7 2.7 2.7 2.7 2.7
total 1.7 4.9 76.8 84.5 47.3 31.5 50.3

Resonance parameter:  m(Z.s(3985)7) = 3985.25((stat.) + 1.7(sys.)MeV/c?,
[,(Z.s(3985)7) = 13.87 21 (stat.) + 4.9(sys.)MeV.

Pole position: Mypore(Zcs(3985)7) = 3982.5% 38 (stat.) + 2.1(sys.)MeV/c?,

Dyo1e(Z5(3985)7) = 12.8%33(stat.) + 3.0(sys.)MeV. o



Discussion on Z,.,(3985)~

035} Vs =4.681GeV = Only a few MeV higher than the threshold
of Dy D*°/D?~D° (3975.2/3977.0)MeV /c?.

m At least four quark state (ccsu) and a

charged hidden-charm state with strangeness

4 405 41 4.15
RM(K*) (GeV/c?)

= They are observed in a combination of D D*? and D~ D? final states.
= The production is dominated at /s = 4.681 GeV. Any Y contribution?

= A tetraquark state or a molecule-like? Or threshold kinematic effects ? Or other

scenario?

= Search for other decay modes Z2./ Z;; can help to pin down its properties.
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The Zcs (3985)* and Zc(3900) *

1643/pb data @4.681 GeV  525/pb data @4.26 GeV

- Z.:(3985)"* Z(3900)*

Mass (MeV/c?)
Width (MeV)
O.Born - B (pb)

- (s = 4.681 GeV
(a)

4 hLlh }
i

V/c?

' 0

S h
| |

M

N

4]
|

4 4.05 4.1
RM(K*) (GeV/c?)

415

Z..(3985)

K-z} KR°z2 K°Z% K'Z;

cs

1/4 1/4 1/4 1/4

neutral/charged = 1

Events / 0.01 GeV/c?

3985.2121 + 1.7
13.8725 + 4.9
44153+ 1.4

C —4 Data
100 - — Total fit
N ---- Background fit
80 -.-- PHSP MC
C ! Sideband
60~ + =
40 | Wk Ty..
E + 1] {F;‘l‘m"“""ﬂ b
20 [ T §
0 3.7 3.8 3.9 4.0
Moy (Tt yr) (GeV/c?)
Z.(3900)
wzr w20 'z
1/3  1/3  1/3

neutral/charged = 1/2

3899+3.6+4.9
461+10£26
13.5+2.1+4.8

two general comments about

charm-tau factory program

« Jhp K* resonances:

Z.(3900) analogue?
Z:(3900)" = (céud); d — s: (cEus) ~ DsD*
no natural molecular binding,

so if discovered, would indicate
Tq or a novel mechanism

from Marek Karliner

SU(3) partner of Zc(3900)?
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Discussions on the nature of Z,.(3985)*

» Various interpretations are possible for the structure

@ Tetraquark state
€ Molecule
@ D, (2573)*D;~ threshold kinematic effects

(Re-scattering , Reflection, Triangle singularity)

€ Mixture of molecular and tetraquark
® ..

Z.,(3985) from e*e~ annihilations and
05(4000) from B decays
their masses are close, but widths are
different
 If they are same, why width so different?
+ If they are not same, is there the
corresponding wide Zc(3900)?
» Looking for more channels will be useful

40 ¢

35
Eso
=25
0620
315

PRL126, 102001 (2021)

/s = 4.681 GeV
G

Q et '

t|1 4 05 4 1
3 ks e(.gvs '4.35) GeV
t  LHCb
- 4 Data 9 b ‘:
- —— Total fit E
F -4 No Zfit | -
- —  Z.(4000) § 4

38

'415

j(Gewcz)
. . arXiv:2103.01803
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What next?

We are proposing more data taking near 4.681GeV.
Precise resonant parameters.
Spin-parity [PWA].

More decay modes, like K™ ~J /,K®~h,, K™, or KM~y ;.

Production mechanisms.

Test various theoretical models.

Neutral partner of Z2.[on going] : K{(Ds D** + DI*D™).
Other Z; states? Z;; states? [on going] : K*Ds~D*°.
Search Z_; state in LHCDb using open-charm is important.
Other Z, . states? Z;,; states?
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Summary

We observed an enhancement near D; D*? /D~ D° mass thresholds in
ete” - K*(D;D** + D~ DY) (c.c.) at the center-of-mass energy
4.681GeV (significance > 50).

B an exotic state with at least four-quark constituent ccsu

It matches a hypothesis of D; D*? and D~ D° resonant structure
Z.;(3985)~ with a mass-dependent-width Breit-Wigner line shape well;

Pole position is measured to be
Myyo10(Z.5(3985)7) = 3982.5458(stat.) + 2.1(sys.)MeV/c?,

Tpo1e(Z.5(3985)7) = 12.8733(stat.) + 3.0(sys.)MeV.

The Born cross section ¢ 5" - B at five energy points are determined.
It is nota charmonium and the nature is yet unknown.
New fields in experimental studies, more to be measured/understood!

More results will come out ...
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Thanks!
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2011.08656

TABLE II. Numerical results for masses, widths and partial widths. We use *“{” to label input. The ratios I'; /I"5 are estimated with central
values of coupling constants. The lower limit of ratios I'; /T"; are estimated with upper limits of v15. M and I' are in unites of MeV and A;

are in unites of GeV.

(M.T)

Z.(3900)

Z.(4020)

Z.05(3985)

!
ZCS

Exp. [1,47.48]((3881.7 + 2.3,26.6 + 2.9)" (4026.3 + 4.5,24.8 £ 9.5)" (3982.5" 18 +£2.1,12.8*33 £ 3.0)

Agjs=1.0 |(3881.343.3,26.3+6.1) (4028.0 + 2.6, 28.0 + 6.5) (3984.24+3.3,27.6 +£7.3)  (4130.7 +2.5,29.1 + 6.4)
r . Iy I r . Iy I .
B2 > 137 B~ 051, £ 2121 22161 5~ 048, 2 2137
Aajs=0.5 [(3881.5+3.5,26.4+58) (4027.3 +3.3,27.0 +6.7) (3983.7+4.1,26.7 +5.8)  (4129.4+ 3.3,27.3 +9.2)
I I': I I aq I .
02112 M a25, (32110 02128 Ba23, 22116
30 = T " T T T - T T i T T T -
. N — P L
[ N\ ==- w/PHSP —-= mp, +mp;
25¢ 1

FIG. 1.
considered in this work: (a) and (b) for the K+ D;D° (c)

for the K™ DsD*%; (d) and (e) for both final states.

)% [GeV?]

2011.08725 1o}
0.5f

Feynman diagrams for the production mechanisms 0.0 L

The

filled squares denote the T-matrix elements which include the
effects of the generated Z.s state.

2.0}

15}

== Mp: + Mpo i

mp;po = 3.99 GeV .

I
I
I
|
I
I
I
I
I
s

mp; po [GeV]

305 4.00 405 410

460 465 470 475 4.80

Vs [GeV]
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4200
S=0 S=-1
Hidden charm

4150 Z.,(4125)

,,,,,,,,,,,,,,,,,,,,, S
4100+
4050¢ Z.(4020)!

]

4000 Z,,(3985)f

_____________________ S
3950+
3900¢ Z.(3900)!

o Esss— ]
3850 .

J-(-l+) 1(1+)

Q
Z c(s)

=0 S=-1
Hidden bottom
Z,5(10745)
D ;107507 e
Z,,(10700)
10700 _
D*D*
DD Z,(10650)
10650F . FEESSSS
Z,(10610)1
_ | _ __T—— ]
DD" 10600¢
L(1") Lo+

(1)

and Zp(s)

2011.10922

B*B*

BB*
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Check with high excited non-strange D;(2750)" states

40_ L L
o~ [ t Data .
§30 [Vs =4.681 GeV__z_(3985) ]
v I ~= D* (2750)° D° 3
320; T+| \ 3 i
w [
310_ |
'E L

Vo
&8

0= v v v vy

4 4.05 4.1 4.15
RM(K") (GeV/c?)

(f)D%(2750)° (= D*~ K+)DY

Study D°D3(2750)°(— Di"K*) by ete™ -
D°D2(2750)°(= D~ 7+).

B(D3(2750)° — D:~K+)/ B(D3(2750)° —
D~ *)=4.1%

Godfrey_PhysRevD.93.034035(2016)

Initial Final Width (cu, cd) BR (cu, cd)
state state (MeV) (%)
D(1°D;)  D(1*P,)y 0.69, 0.07 1.34, 0.14
2833 Dx 20.1 39.2
Dp 1.30 2.5
Dn 1.24 2.4
D'n 15.5 30.2
D*p 7.56 14.8
D'w 1.1 2.2
D(1°P;)x 0.9 1.8
D,K L1 2.20
Total 51 100

Vs(GeV) 4.628

4.641 4.661 4.681 4.698

D3(2750)° (— D KT)D”| 0.0+ 0.1 0.04+0.2 00£0.2 00404 00+£05

O The estimated sizes of excited D;(2750) contributions at each energy point is negligible.
O Both decay and production of ete™ — D°D3(2750)°(— Di~K*)is F-wave.
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Fit results based on three subsets of data set at 4.681GeV

® Two-thirds of the data set at 4.681GeV was kept blinded until
after the analysis strategy was established and validated.

30 f 30 ¢ 30 ¢
o5 (s=4.681GeV “op5 [ (s=4.681GeV %os | s =4.681 GeV —+— Data
> >t ST Total fit
- 1st 1/3 Data t  2nd 1/3 Data t  3rd 1/3 Data
=20 3 =20 3 S20 3 — — — Z,,(3985)
uoi15 - uoj'15 - 315 - 5’1(2600)°D’°
Dank P YN T R Y Y T O O R
210} 210} ok L+ LT bt 1T i
2Lt @ 9 s b MU ANy L | D, D,
w S e @ S5 | W comb. BKG
; [ I 0
0 4 4.05 41 415 0 4 4.05 41 415 4 4.05 4.1 4-151
RM(K") (GeV/c?) RM(K*) (GeV/c?) RM(K*) (GeV/c?)

Data set Mass ( MeV/c®) Width (MeV) 04681 - B(pb) Statistical Significance

Ist one-third  3987.075, 6.97 517075 4.90
2nd one-third ~ 3990.277°7 24.27334 50773 2.90
3rd one-third ~ 3980.972° 4.71972 2812 3.90
nominal 3985.273 1 13.8750 4470 6.30

® Overall, three sets of fit results are compatible.

® Structures are stable with respect to different data-taking periods. |



D* background (Dg;(2536)*D;)

D:1(2536)"Ds 4680 |11

4680 I

4680 |

':,: I Vigids = 10,24 +/-8,19 ','_:‘ Yields = 10,54 +/- 4.76 ": 6l — Yields = 35.53 +- 7.90
= I BKGs = 209.78 +/+ 15.04 = 3 BKGs = 159,38 +/- 14.53 = BKGs = 330.43 +/- 19.12
] r - ! )
= | o e = [ =
= T+ | 2 3
R ] ]
B ! ] -]
g 2 2
Tag K*D™® “» . :
25 255 2.6 25 255 2.6
M(D™K") (GeV/c?) M(D™K*) (GeVic’)
< Vields =716 o 5.41 P Vields = 20.73 +/- .55 © Vields « 2015 752 ||
- |8 BRGS = 7483 - 0,88 = L BKGs = 66.24 +/- 9.42 = BKGS = 146.83 +/- 13.63
= 2 s 2 ;
Z w0 = [
- ‘ ‘ ] I 2
3 | FR] 3
Tag KtD; :. : - :
= 5 | T ]
S [ || b 5 .
0 L P P ST V| PP aldn |
25 255 26 25 255 26 i
RQ(D) (GeVic?) RQIIY) (GeV/e') RQ(D)) (GeVic?)

4680 IlI

4680 Il
10.6 £ 4.8

4680 |

10.2 +5.2 355+ 7.9

K*D

4680 I+I11+111

N Yields = 55.86 +/- 10.55

= 100 BKGS = 749,11 +/- 28.37

-

=

g

Z

§ s0 -

= - T

] ATE—— D N—— WOV S —
25 255 26

M(D"K*) (GeV/c")

&
T

Wields = 47.61 +/- 11.34
BKGs = 289.07 +/- 19.27

Events/{ 6.0 MeV/c?)

RQID) (GeV/ie?)

4680 1+I11+111
559 + 10.6

KDy 72154 20.7+ 6.5 202+ 75

479+ 11.3

NP 92+39

14.8 + 5.6 289+ 5.7

544 + 8.0
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D?* background (D;,(2573)"D2~) Data I+11+111 @4.681 GeV

Tag K™Dy ws + Hadro

i D,(2573)'D;  K'Zy
WS+Hadron

"& L -+-Data

z 20~ ... WS PDF — Total fit

s [

EIST

E 2

g L

ERUS } H
ol L
W oy

Hird

24 245

Tag K*D%~

=
wm

L wey®*] g
25 2.55
M(K'D’) (GeV/c?)

L +Data
L = WS PDF — Total fit

|

Events/(4.7 MeV/c?)
=
TR
—_———
P

- D,(2573)'D; - K'Z,,
WS+Hadron

sk
0 i i Bt )
24 2.45 25 2.55
RM(Dy) (GeV/c?)

n + Hadron WS A& J&,

Events/(5.0 MeV/c?)

Events/(5.0 MeV/c?)

L +-Data
WS PDF = Total fit

[ERR

D, (2673)'D, - K'Zg
WS+Hadron

|

13 !
4 4.05 4.1 4.15

[+ WSPDF — Total fit

RM(K") (GeV/c?)
I #Daa - D,@573D, — K'Z,

WS+Hadron

Sk

1

Tyt e B B T i
4 4.05 4.1 4.15

RM(K") (GeV/c?)

Average: 0.94 + 0.38 pb

N,y o0bs
D,,(2573)*D:~ 120453 1.14+0.50
K*Z, 43.6+79 625+ 1.13
N,pe o0bs
D,,(2573)*D:~ 5.76+478 0.68+0.57
K*Z, 388+ 755 49+09

Yields: 19.07 + 7.63
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D?* background (DZ;(2700)*D;")

Events/( 5.0 MeV/cz)

Events/( 7.5 MeV/c?)

80 E T T E 80 F T T E 80 E T T E
70 E — - D; D,(2700)" {s=4.681 GeV 4;\ 70 | = = D;D,(2700)" {s=4.681 GeV J 5 79 B = = Di D, (2700)" Vs=4.681 GeV 3
E 7 F 7 Q E 7
60 E D; D,{2573)" —+ Datal = % 60 £ D, D,(2573)" —+ Datan = > 60 E D, D,(2573)" —+— Datall 3
50 ;_ ws + —— Fit result _; S 50 z_ - ws + —— Fit result _; g 50 E_ ws + — Fit result _E
E E o F ] E - E
3 Ty 3 Fwf Uy 1 Swr 1t :
o B R T T ST TR Bl S AR, —
E S 20 g 20 H
10 >
@ 10 2 10
0
18 1.85 19 1.95 0 0
RM(K*D)+M(D)-m(D)) (GeV/c?) 18 185 L 1.95 18 185 19 1.95
‘ ‘ RM(K*DH+M(D )-m(D,) (GeV/c®) RM(KD)+M(D)-m(D,) (GeV/c?)
22 :_ T T T _:
0 E D;D,,(2573) Vs=4.681 GeV 3 F T T T3 30 ' T ]
E E &~ 18 E  pp_(2573)" s =4.681 Ge¥ & E D,D_,(2573)" {s=4681 GeV ]
18 D;D,,(2700)* —+ Datal E RSP = L5 |b = =
16 3 — Fitresult E % i E_ ______ D;D,,(2700) —4—Datall % FEoeeees D,D,(2700)" —4— Dataln ]
14 £ — - WS 3 S £ — Fit result S 20 F — Fitresult -
12 F 3 SonE - -ws = E o — - ws ]
10 E 41 <Jw0E ~ 15 F ]
8 E_ _E - 8 F ~ F ]
6 £ E Z 6 Z10F 3
4 ) = 5 = F ]
) TN T ) 2 4 g s B =
o E I PO ¢ e ATELEENY M s m q
2.5 2.6 2.7 0 : . ol s ' 0 g . e
RM(D)+M(D)-m(D)) (GeV/c?) 25 26 27 25 26 27
RM(D)+M(D)-m(D)) (GeV/c?) RM(D)+M(D))-m(D;) (GeV/c?)

| Datal | Datall | Datalll | Datal+II+III

N(D}(2700)*Dy) 8.03+7.99 549 +7.68 5.26 £7.39 15.03 £ 13.33
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D'D(2750)°, D(2750)° > D~ *

T T T T T T T T T T
<500 - ——. p°D(2750)° s=4681 GeV -
> [ ——- D'D(2750) —— Data 1

[} 400 n PHSP — Fit result ]
> - —— D(2460)°D°
o |
2300 ++
— r
=200 -
& r
5 100 [
;, 1()() :'f B
63 Cf
0 P N L ot
22 24 2.6 2.8

RM(D)+M(D)-m(D") (GeV/c?)

Np(z7s50) = 0.0 £5.8

n

H

Normalizedolikehood value
”
T

o

.
»,
..........
.

(=

upper
D(2750)

For D°D(2750)°,D(2750)° - D r*: ¢(xD) = 7.0 + 0.1%

For DYD(2750)Y,D(2750)° - Di"K*: e(KD¥) = 12.0 + 0.1%

B(KD;) 1.1-(0.75)
B(zD)  20.1

=4.1%

B(KD;) &(KDgs
nobS(KD;k) — TLObS(TL’D) ) ( s) ( s)

B(rD) &(nD)

= 0.0 + 0.4(< 1.8)

20 40 60
N(D°D(2750)°, D(2750)°—n*D)

= 25(90% C.L.)

D(1°D;)
2833

(13P,)y 0.69, 0.07

20.1
1.30
1.24

155
7.56

* 3T N

FASB=ACICASR AR Y
Exmesa

1.34, 0.14
39.2
25
24
30.2
14.8
22
1.8
220
100
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Exotic quarkonium-like spectroscopy
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Check with hlgh excited DS states

I"S

Events/ 5.0 rjyha\m?
| SRS
5

%3{, __15 +f 681 GeV{: iatﬁgiiﬁi L
S0k Dy E
AR [,
AT
s UL _—

RM(K*) (GeV/c?)
(a)Ds1(2536) (— D*°K+)Dg

ete™ - D, (2536)* (D*°K*) D
ete™ - Dg,(2536)T(D*°K*) Dy

ete” - DI, (2573)T(K*D°)Ds~(yDy)
ete™ - D, (2573)*(K*D®)D;~(yDy)

js

o + Data o
_us 46SIGeV__z (3985)

L
D
T T

D" ,(2573) D"

Zm;M:itHHMMW*M

(=]
-

—
=]
T

4 405 41 415_
RM(K®) (GeV/c)

(b) D%, (2573)* (— D°K+)D%~

o 40_ + Data o
§30 r(s=4681 GeV__ zc (3935) R
T
;105— | N _
N M*mlm
af I“'II'H'T_g
b M) Geviy

(c)D%,(2700)* (— D*°K+)Dg

ete™ > D!, (2700)*D; —» K*DOD; .

B(D?,(2700)" — D*K*)
B(D?,(2700)* — D°K*)

=0.91 £ 0.18,

BaBar_PhysRevD.80.092003(2009)

V5(GeV)

4.628 4.641 4.661 4.681 4.698

Ds1(2536) T (KTD*°YD [41.24+6.3 26.2+5.4 23.9+5.6 54.4+8.0 153 +4.2
52 (2573) T (KT DY)D:~ — — — 19.1+£7.6 17.3£7.3
5 (2700) T (KTD*YD; 0.0+ 1.8 18.6+8.7 16.6 £7.8 15.0+13.3 7.7+ 8.4

® The estimated sizes of excited D;* contributions at each energy point.

® “-” means the production is not allowed kinematically.
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Check with high excited Dy states

&

{ Data
is 4631 GeV__7_(3985)

------- D,,(2536)" D

[o5)
O
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[=]
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._.
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4 405 41 115
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(a)Dsl (2536)""(4} D~0K+)D;
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+ D
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O
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S
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-

— -

=
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=
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—
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 RM(K*) (GeVic)
(d)D* (2600)°(—s D3~ K+)DO

5

5

%30 ls= 463166\7—{—?‘(:935) _ r:';’30_“ 4681 Gev_ -zat(:gas) _
%{20: D*_,(2573)* D*} _ %).zof- H ...... D*,(2700)° D} _
E:m ﬁﬁl{ { \ : EIO— M { \ E
A 2w

' )RM(R ) (GeV/cd)
(b)D%,(2573)+ (— D°K+)D%~

> RM(K*) (GeV/c?)
(c)D*;(2700)+ (— D*°K+)D

LT { Data ] T } Data
§30 Lis=4.681 GeV__z (3985) 3 §3g_us 4.681 GeV__z_(3985) ]
o D(2550)° D’ ] N T D* (2600)°D 3
S ﬁi | 1 3% W | ]
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Data subtracted with
WS backgrounds.

Z.-(3985)~ shapes
are normalized to
yields observed in
data.

D;* are scaled to the
size determined by
control sample.

D**0 state shapes are
arbitrary.

None of the excited
D5, can explain the
narrow peaking

structure.
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