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Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

Why No Antimatter? Dark Matter? Origin of Mass?

o

The expansion of the universe appears to be Matter and antimatter were created in the Big Invisible forms of matter make up much of the In the Standard Model, for fundamental particles
accelerating. Is this due to Einstein's Cosmo- Bang. Why do we now see only matter except mass observed in galaxies and clusters of to have masses, there must exist a particle
logical Constant? If not, will experiments for the tiny amounts of antimatter that we make galaxies. Does this dark matter consist of new called the Higgs boson. Will it be discovered
reveal a new force of nature or even extra in the lab and observe in cosmic rays? types of particles that interact very weakly soon? Is supersymmetry theory correct in
(hidden) dimensions of space? with ordinary matter? predicting more than one type of Higgs?

Matter-antimatter asymmetry
* QGravity
* The origin of the Mass

. R A0 & 2 A4S
* New form of matter (exotic states) <mm 1 ::4?15\%4"_,\
Dark matter/energy (FHFHED

* Neutrino mixing
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Aerogel Cherenkov cnt.
n=1.015~1.030

SC solenoid

1.5T 35GeV ¢t

Csl(Tl) 16X,

8GeV ¢~

n/ K, detection
BELE - 3layer DSSD 14/15 layer RPC+Fe -

TOF counter - 3 o \ >
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Wire tracker (no Si); TOF + dE/dx for PID; (@3B ; RPC muon

ATLAS

EXPERIMENT g
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LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiatfion fracker

Toroid magnets

Semiconductor fracker
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SL00
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ElRZKRN R B SHEk:
» 1 Tesla

> IRER, 3.5KK

Be. | M€ | amr | EMC
2 w5 > it 4
CLEO 110 pm 5% 2.2-24 %
Babar 125 pm 7% 2.67 %
Belle 130 um 5.6% 22%
BESIII 115 um <5% 2.3%
Exps. TOF &}i8) &9 #%
CDFII 100 ps
Belle 90 ps
BESIII 68 ps (& 3K)
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Notes from the Editors: Highlights of the Year

1

~

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139
Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we look back on the research covered in Physics
that really made waves in and beyond the physics community. In thinking
about which stories to highlight, we considered a combination of factors:
popularity on the website, a clear element of surprise or discovery, or signs
that the work could lead to better technology. On behalf of the Physics staff,
we wish everyone an excellent New Year.

— Matteo Rini and Jessica Thomas

FOUI’-Quark Matter Images from popular Physics stories in 2013.

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration in China and the
Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-positron collisions and seen a
mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed}Z. (3900
are possible, the “tetraquark” interpretation may be gaining traction: [BESIII has since seen a series of other particles that appear to
contain four quarks

Strangers from Beyond our Solar System

Detector experiments hunting for rare events can go years and never see anything out of the ordinary. So it was cause for excitement
when IceCube, a giant neutrino telescope at the South Pole, reported the detection of two neutrinos with energies of around 1000
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Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139
Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we look back on the research covered in Physics
that really made waves in and beyond the physics community. In thinking
about which stories to highlight, we considered a combination of factors:
popularity on the website, a clear element of surprise or discovery, or signs
that the work could lead to better technology. On behalf of the Physics staff,
we wish everyone an excellent New Year.

- Matteo Rini and Jessica Thomas

Images from popular Physics stories in 2013

Four-Quark Matter

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration in China and the
Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-positron collisions and seen a
mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed Z.(3900),
are possible, the “tetraquark” interpretation may be gaining traction: BESIII has since seen a series of other particles that appear to
contain four quarks.

Strangers from Beyond our Solar System

Detector experiments hunting for rare events can go years and never see anything out of the ordinary. So it was cause for excitement

when IceCube, a giant neutrino telescope at the South Pole, reported the detection of two neutrinos with energies of around 1000
» October 2013
» September 2013
» August 2013
»July 2013
»June 2013
»May 2013
» April 2013
» March 2013
» February 2013
» January 2013
»2012
»2011
»2010

First particle containing four quarks is confirmed.

Jun 18, 2013 97 comments

Devin Powell

18 June 2013

) PoF | X Rights & Permissions

Four Guarks: s 243900) a charged tetraquark?

labs have found tantakzing evidence for a now and mystarious

hadron. Dubbed Z43900), the particle seems 1o be a “charged

charmonium® and is made from quarks assembled in a way that has.

possibly never been seen before. Further studies of Z(3900) could
£ on about the strong g

P
together quarks in hadrons.
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Anew type of particle may have shown up Independently at two particle
accelerators, physicists say. The particle, made of four quarks (the
ingredients of protons and neutrons), appears to represent a state of
matter previously unknown.
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Viewpoint: New Particle Hints at Four-Quark Matter
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BESIII data Samples for XYZ study
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3.8 40 42 44 46 48 50
ECm (GeV) E('Et‘

® 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 ~24fb! e*e™ collision data events from 3.8-4.946GeV.

® Data sample taken above 4.6GeV has been finished in 2020=>Y(4660) study.

® Search for more XYZ states, study their properties and new decays modes.

® Look for transitions between different states.
31



The Z s states

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

wnn PHSP

e u
5 ©
Zc(3900)* C Zc(4020)* Zc(4020)°
~ N
PRL 110, 252001 (2013)  § , PREIIS 112003 @2015) = pRy 111, 242001(2013) PRL113,212002 (2014)
® 100 i % :f - s &
3 w 5 -
L @ !
(—.: g : : g
3w 3, i
.§ 208 é &
0 w 0 i R
7 38 39 40 38 40 42 %5 400 405 410 415 4 425 19 19 s 4 415 2 42
M,_Wv)(GOV/Cz) M J/W(GEV/C) M, (GeVies) |m“1 (GeVich)
ete™ s m~atJ/w eTe” — 90U/ ete™ = 7~ nthe ete™ — n1971°h.
+ + 0
Zc(3885) 7c(3885)0 Zc(4025) Zc(4025)
ST: PRL112, 022001(2014)  PRLI115, 222002 (2015) PRL 112, 132001 (2014) PRL115, 182002 (2015)
DT: PRD92, 092006 (2015) ; - S T ra—— SuF
EBO_—  obalFt | - DO 7120-({::);;) % (a) 4.23GeV+4.26GeV E‘ENMZGGSV

k| = 406 “-:1 4.15
M(Dto-)

ete™ — = (DD*)™

S
S
T

[}
>
TTT

o
TTT

M(DD") (GeVic?)

3.95

39

(D*D)°

O What is the nature of these states?

O Different decay channels of the same observed states? Other decay modes? JP?

O Searches for Z . partners were proposed few years ago. e.g., Z.;/Z.s = K] /Y, D.D*, DD,
D; D" etc. => decay rate of Z ¢ to open-charm final states is supposed to be larger than

hidden-charm.

Everts /( 25 MeVic®)
F
(=]

P4

404 406
RMi') (GeVic?)

4.8

ete™ — n~ (D*D*)~

o

o
T

(D*E*)O

4.08 4.1
RM(n%)(GeV/c?)
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How to identify ete™ - K*(D; D*® + D~ DY)

DO
?@/ L7
AN by

_- \ D;
\E
ete” - K*D;D*° ete” > K*D:D°

® Partial reconstruction of the process ete™ - K*(D;D*° + D~ D?)
= Reconstruct a D with two tag modes: D; — KK~ and D; — KtK~n~.
s Tag a bachelor charged K™.

= Use signature in the recoil mass spectrum of K™D to identify the process of

ete™ » K*(Ds D™ + D3~ D). Similar technique with the paper
of Zc(4025)* observation.

PRL 112, 132001 (2014)

m The charge conjugated channels are also implied. 34
M"M003/R/D prli@lzu.edu.cn

= Study the mass spectrum of recoil mass of K.



Tag a D; and select K*(D; D*° + D:~D?) signals

o — @) (s = 4.681 GeV
S 3
2 ' tData
= 1500 ' . —Signal MC
1000 “](1.955,1.980)
GC) 500 7. un® Ll Ll ....l.ll..---.-....-...
>
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O T . L L —t
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L200 F—Z,>DD” |5 =4.681 GeV
> 180 F - Zey— D*D° - Data
§I6O — K'D,D*° + — Fit result
oigg — - K'D*,D’ WS

195 2
RM(K*D)+M(D)-m(D)) (GeV/c?)

2.05 2.1

's =4.681 GeV

¢ Data
—Signal MC

+*¢¢+,+ i

"
LRI TPRNIL

(1.955,1.985)

|

1.95

2 2.05
M(K‘;K) (GeV/c?)

For D —» KTK~m~ process, keep the events only in
1)D; >~ p(K~K*): M(K"K*t) < 1.05 GeV/c?.
2) Dy » K~K*(892)(K*m™):

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

very evident peak
220 T

4,200 F—Z,—»D,D* g =4.681 GeV
> 180 F----- Z,,— D*;D° + —— Data

—_— Kk'D D*° — o 3
140 ;gfw e combinatorial background.
-7 S

s Data-driven technique to describe

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

to mimic combinatorial background.

1.95 2 2.05 2.1
RM(K*D)+M(D))-m(D)) (GeV/c?)

m  No peaking background observed in WS events; => WS technique is well validated by

MC simulations and data sideband events.
s Bothete™ » K*D;D*® andete™ —» K™D~ D° can survive with this criterion.

m Fitting to RM(K*D;) sideband events give number of WS in signal region: 282.6 + 12.0;
s This WS number will be fixed in RM(K ™) spectrum fitting.
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Recoil-mass spectra of K™ and two-dimensional distributions
of M(K*™D;) vs. RM(K™)

Events/ 5.0 MeV/c?

40 f—————— : — 25T . e A A T .
s = 4681 GeV +Data 1 =k ls=4.681GeV] _ ¢ ls =4.681 GeV]
30- : m 4 L 27f Right-sign 3 <, 2.7¢ Wrong-sign
D D : 52 65F ..;)x":.:':::,!-""m . E 52 65k . 3
20fE H -non-Res. ] 5777 et S 1 87 o . :
H \ 1 ~ 206 7 8 s, "3..' 1 ~ 26F S ™ N ’ 3 o 3
S el = . Pl e e 1 2 SRS L S
e = . s: -------------- L ] Asba sun sy vn s sz an vy t e

R e Y TR Ty - 2 4 405 41 415 Y S SR T
RM(K") (GeV/c?) RM(K*) (GeV/c?) RM(K") (GeV/c?)

s The K™ recoil-mass spectrum in data at 4.681GeV.
s Combinatorial backgrounds are subtracted.
= A structure next to threshold raging from 3.96 to 4.02GeV/c?.

s 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 D¢ states

*0 DO
~ D @ P 4 -
0 ~, —p | K
A K+ . 4
j ‘_ = - 0
Dy ~ D;
mass(MeV/c?) | width(MeV) - D+ (K*D*)D5 D+ (K*DO)D;
51(2536)"' 2535.11£0.06 0.9240.05 (*) Fixed in nominal fitting Parity Violation in 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 120411 1- (*) Fixed in nominal fitting P-wave suppression in
production.
o et o +. Q=-290MeV;
Dz, (2860)* 2859427 159480 P | Ofescomnlmiemin by Uy P-wave suppression in
— 146MeV. :
production.
. n i (*)F-wave suppression; _
D}5 (2860) 2860+7 53+10 3 e v 291MeV
* Df 0(0") m  Most high excited D™ states have negative Q value or forbidden due
« Di* 0(?")
« D%(2317)% 0(0%) to Parity Violation.
e D, (2460)* 0(1+) _ _
— . s D} (2536)T(K*tD**)Ds, D, (2573)T(KtD®)D:™ and
* D(2536)* 0(17)
* Dy(2573) 02*) DX (2700)"(K*TD*%)D; are studied using control sample.
. D?(2700)* 0(1-)
D*,(2860)* (1) = Most high excited DE‘S*) states contribute a broad peak around 4 GeV
D’(2860)* 037)

Dy;(3040)* 0(7) which could not describe the enhancement in RM (K ™). 38



Check with high excited D¢ states

40 L L AL L AL L L L LA B 40 T T LA B 40 L L L L L LR L AL L
o f { Data o f { Data o F { Data ]
§30:_ s=4.681 GeV__7z_(3985) ] §30 _1/_ 4.681 GeV__Z (3935) 7 §30 (s =4.681 GeV__z_(3985) 3
CN: sum Dgy(2536)* D ] R T " ,(2573)" D"} CIC I ST D*4(2700)* D, ]
220 H - 220 H : Z20F % ]
S l\ ] <o T’ . <t #

Sof MW | H HH e Sm:—ﬁ LW | H H m TR |
< . ] 2t 1 ] 2 r
2 E) Nt Py E AT R
- 2 annmnanE:
-]0_—. M PRI BRI B - -10;. M B RS B T -10;. NI BT SRS R [
4 405 41 Iy 15 4 405 41 ry 15 4 405 41 ry 15
RM(K*) (GeV/c?) RM(K*) (GeV/c?) RM(K*) (GeV/c?)
(a)Ds1(2536)F (— D*°K+)Dg (b)D%,(2573)T (— D°K*+)D3~ (c)D%,(2700)* (= D*°K+)Dg

ete™ - Dg1(2536) 1 (D*°K™) Dy

e*e™ - DI, (2700)*D; - K*DOD.
ete™ - Dg;(2536)T(D*°K*) Dy

B(D:,(2700)* — D*0K*)
B(D?,(2700)* — DOK*)

=0.91+0.18,

ete™ > D, (2573)T(K"D")D:~(yDy)
ete™ > D}, (2573)T(KTD®)D:~(yDy)

BaBar PhysRevD.80.092003(2009)

Vs(GeV) 4.628 4.641 4.661 4.681 4.698
Ds1(2536) T (KTD*°)D; [41.24+6.3 26.2+5.4 23.9 £5.6 54.44+8.0 15.3 +4.2
5 (2573) T (KD )D:~ — — — 19.14+76 17.3+7.3
S(2700)T(KTD**)D; [ 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. 39



Check with high excited D**Ostates
D0 | mass(MeVie) |widthMev) |t | D°(K*D:)D" | D(K*DoD

D,(2430)° 2427440 3841139 1 below KDs* threshold; Parity Violation decay
Q=-72.22MeV
soft Kaon
D; (2460)° 2460.710.4 47.5£1.1 2+ below KDs* threshold; (*)Test fit
Q=-39.52MeV
soft Kaon
D(2550)° 2564420 135+17 0- (*)Test fit Parity Violation in decay
5]* (2600)° 2623412 139431 1- (*)Test fit (*)Control sample &

nominal fit

D(2740)° 2737112 73128 2- (*)Test fit Parity Violation in decay

D; (2750)° 2763+3.4 66+5 3- (*)Control sample P-wave suppressed.
Q=-89.8MeV

D;(2420)* 1/2(?7")

D,(2430)° 1/2(1+ 0 D<
. D} 12(2%) pe D:~ 7 It ()’) P s
. 23(24603t 1/2(2:) 3 . '+ ~ Ds_ o @ — K+

(2550) 1/2(7%) v K N

D’(2600) 12(7) — * — " g

was D(2600) \ Do \ D*O

D*(2640)* 1/2(?") <

D(2740)° 112(7') € D(2640) is quite narrow and not confirmed by any high statistic experiment including

D3(2750) 12(37) LHCh
D(3000)° 1/2(?%) S 0 ) . L.
€ Most D**0 states are not favored from the check of test fit.=>Systematic uncertainties.
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+ Data o .
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405

4.1

415

RM(K") (GeV/c?)
(c)D¥(2600)° (— D5 K*+)D*Y

Check with high excited non-strange D; (2600)"states

The RM(K™) spectrum is distorted due to
limited production phase space. However, it
1s much broader than the observed
enhancement.

ete”™ - D*YD;(2600)°(— D;K™*) is
studied using an PWA of control sample
ete”™ - D*°D;(2600)°(—» D).

The ratio R= B(D{(2600)° - DK *)/
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;~ D" final states (1)

3 D(2550)°
[ D;(2600)°

3 Total
[ D(2550)°xD; (2600)°

9
V20
7 16 J[ 1l
=17 J[
=g I .
~ 4 TEEEHA 4 "/
g ot i Enimae
> -4 | 1t T
=
4.00 4.05 4.10 415
RM(K*)(GeV/c?)

(a)D(2550)Y D° and D{(2600)° D

[ D(2573)* [ Total
[ D(2550)° [ Dy2(2573)*xD(2550)°

eV/c2
= NN
OO S

M
-
o N
_|,_|

~ w H}H {
e | 1
2 44 i R
E Ot.'._<:v -:_ L+.1T—— { .I. I
@ :g
7,00 4,05 4,10 715
RM(K *)(GeV/c?)

(d)D?,(2573)" D¢~ and D(2550)° D"

[ D(2550)° [ Total
1 NR(1*)ss 1 DB(2550)°xNR(1*)ss
= 124
V20
2 16 J( +
=12 + it
O_ 8 L5l Fn
wy
= 4
L
£ ot —
Z 4
8
4.00 4.05 4.10 415
RM(K*)(GeV/c?)

(b)D(2550)° DY and NR 17(S, S)

[ Ds2(2573)* [0 Total

eV/c?
= NN
[o) I =RF -

H
Sm

(e)D*,(2573)* Dg~ and D} (2600)° D°

® 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/c2.

[ D(2550)° [ Total
1 NR(1*)ps [ D(2550)°xNR(1* )ps
~ 24
L 20
7 16 Jf ]l
=1 J( H
)
v g o ,q-.-'"'”T_ }
£ ot IiSS
g4 -
8
4.00 4.05 4.10 4.15
RM(K*)(GeV/c?)
(c)D(2550)° DY and NR 1+ (D, S)
[ Ds»(2573)* [ Total
I:J NR(lf)ss — | 05;(2573)*xNR(”1")55
a5 24
V20
Z 16 ]l J[
22 U g

S g
w
- 4
F b T
2
4.00 4.05 4.10 .15
RM(K*)(GeV/c?)

(f)D*,(2573)* D}~ and NR 1+ (S, S)
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Interference effect of Kt D; D*° final states (2)

[ Ds(2700)* 1 Total

[ Ds(2700)* [ Total [ Ds(2700)* [ Total
 — | D{(2600)°  — D51(2700)'xD'1'(2600)° [ NR(1%)ss [ Ds1(2700)*xNR(1*)ss [ NR(1*)ps [ Ds1(2700)*xNR(1*)ps
~ 24 124 o 24
L 20 L 20 L 20
7 16 J( J[ 7 16 J[ J[ 7 16 J[ J[
=12 =12 =12
S J[ < g S g
i T+ T T v T v
Z ot o 1 IJH z L 3 z e
= Of i . £ 0 S £ 0 = .
5 T J[ T 8 i J[ ' 1] &8
> -4 > -4 > -4
g ™ 8 F 8
4.00 4.05 410 415 4.00 4.05 410 415 4.00 4.05 410 415
RM(K*)(GeV/c?) RM(K*)(GeV/c?) RM(K*)(GeV/c?)
(g)D?,(2700)* Dg and D} (2600)°D*° (h)D?*,(2700)* Dg and NR 17(S, S) (i)D?, (2700)* Dg and NR 17(D, S)
[ Ds(2700)* [ Total [ NR(1%)ss [ Total
[ NR(1%)ps [ Ds1(2700)*xNR(1%)ps [ NR(1%)ps [ NR(1%)ssxNR(1%)ps
~ 24 ~ 24
020 020
Z 16 J( ]l > 16 J[ +
=12 H 1[ }l =12 ][
< 8 | < 8 7
o Wi LN R
Z o PRl 2 it R
5} 14 [ | [ T 5} I T T
> -4 r > -4
Mg M g
4.00 4.05 4.10 4.15 4.00 4.05 4.10 4.15
RM(K*)(GeV/c?) RM(K*)(GeV/c?)
(j)D*,(2700)* Dg and NR 11(D, S) (k)NR 11(S,S) and NR 11 (D, S)

Interference between any two D5)/NR will not produce such a
narrow peak we observed in data.
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What do we studied?

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

Is the enhancement due to the ete™ —» K*(D; D*Y + D~ D?) non-resonant

process? NQO

Is the enhancement due to the D¢y resonant process? NO
Is the enhancement due to interference effect between any D g)/NR? NO

Can we try the assumption of ete™ - K*Z5,Z-. —» D7 D* /D~ D° to

Interpret it?
P Yes, we could.
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Observation of Z.,(3985)~

® cte” - K*(D;D*® + Di~DY). ~ D*°
® 3.7fb’! data between 4.62 and 4.7GeV. @
® Partial reconstruction of the process, tag K* and D; . P N Dy
® Study the mass spectrum of recoil mass of K*.
PRL126.102001(2021) E
40 Total fit — }+— Data efe” — K+DS_D*O

6%

Dy

cSDBO — . Z.(3985)  ------- non-Res.
D i D, BKG .

B (s) D
320 e i
m =
210| L O
= ; LTSI~ '::‘:.:.,-I::..-- —] N
2 o bl
T 'EK+

_1 O N N R R R
4 405 41 415

K= Recoil Mass (GeV/c?)

+2023/8/2 +prli@lzu.edu.cn

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

Events /(5.0 MeV/c?)

PRL126.102001(2021)

40

s = 4.681 GeV

T4 405 4

1 415

Data
Total fit
— Z.(3985)
. 5*1(2600)°D*°

non-Res.

%% p, D

comb. BKG

s = 4.628 GeV

4 4 05

s =

4.641 GeV

4.05 41
203/3:4.661 GeV _\!§=4698 GeV
19 (d) * * (ew*
of ‘ )H

B T e

4.1

: !!HE‘“‘““' il

RM(K*) (GeV/c?)

+2023/8/2

+prii@izueduds D™°/Ds~D® (3975.2/3977.0)MeV.

The J® of Z.,(3985) is assumed as 17;
most promising configuration.

=>(§,S) 1s the

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.

‘ V1 D; ‘2
) M2 —mg +imo(fT1(M) + (1 = f)T'2(M))

].'

Lj(M) = To - 3 - 57

my(Z.5(3985)7) = 3985.2 % (stat.) + 1.7(sys.) MeV/c?
I,(Z.,(3985)7) = 13.8*%

1 (stat.) + 4.9(sys.)MeV.

The significance with systematic uncertainties and look-
elsewhere effect considered is evaluated to 5.3c6.

At least four quark state (ccsu).

Only a few MeV higher than the threshold of
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Cross-section measurement at each energy point

® Born cross section:

oBo™M(ete” » KYZ +c.c.) B(Zz —» (DgD*® + D~ DY))

Nobs

Lint'(1+68) fyp (E1+€2)/2

V3(GeV) | Lint(pb™)  nsig  feorr2(%) o® - B (pb)
4.628 511.1 42792 1.03 0.8T;3+0.6(< 3.0)
4.641 5414 93775 1.09 161724+ 1.3(<4.4)
4.661 523.6  10.675% 128 1.67;7 +£0.8(< 4.0)
4.681 1643.4 8521175 118 44700+ 1.4
4.698 526.2  17.8731 142 24f11+1.2(<4.7)

® Uncertainty 1s quite large,

® Any Y states around 4.68GeV?

o x Br (pb)

6

4 B +

O P S TS S AN S SN T T ST ST SO SN SR '

462 464 466 4.68 4.7 4.72
I's (GeV)
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Interpretation on the nature of Z.;(3985)~

® Various interpretations are possible for the structure

@ 1) Tetraquark state arXiv:2011.08501
arXiv:2011.08628

¢ 2) Molecule S arXiv:2011.08656
® 3) D, (2573)*D: threshold kinematic effects arXiv:2011.08725
(Re-scattering , Reflection, Triangle singularity) arXiv:2011.08747

arXiv:2011.09156
arXiv:2011.09225
®5) ... arXiv:2011.09244
arXiv:2011.09404

Zcs: 3985.2MeV

! ] ~10 MeV above D,D*/D.D thresholds arX%v:20l 1.10495
9.2MeV  10MeV similar to Z,(3900) & Z,(10,610) arX1v:2011.10922
| (DD*)  (BB*) arXiv:2011.10959

g;‘_‘DQg 3977.0MeV arXiv:2011.11488
s ove arXiv:2011.12230
D*D, + cc molecule? arXiv:2011.12326

€ 4) Mixture of molecular and tetraquark
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» Full discussion from

ifferent models

v'SU(3)F symmetry

v'Reflection

v"OBE model (vector,
axial)

v"QCD Sum Rules

v'Threshold cusps

v'Chiral effective field
theory

v Effective range
expansion

v'Recoupling
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Observation of Z.¢(3985) Strange Four-quark

Meson: First Hidden-charm Tetraquark State
with Non-zero Strangeness

000606

In the March 12, the BESIII collaboration reports the discovery of an exotic
multiquark structure, dubbed Zc5(3985), that is produced in the process of ete”—+K*
(DS'D*0+D5*'D0) atan ete” center-of-mass energy of 4.68 GeV. Z¢5(3985) is
observed to decay to a charged strange-charmed meson plus a neutral charmed

meson, i.e., DS'D*0+D5*'D0 ,and has a mass of 3.98 GeV/c2.

INTERNATIONAL

JOINUS ~

Ll

| Contact

GUO Lijun

Institute of High Energy
Physics

E-mail: iguo@ihep.ac.cn

| Reference

Physical Review Letters

| Related Articles

BESIII Reports Most
Precise Measurements of
Strong-phase Parameters
in D->Kg / m+m-

42023/8/2

+PRLI@LZU. EDU. CN

+51



i, | BN 2RWE | ENAFHINERNERANSRAASEERERN
e | NEWS = RENSESES
ENREERBE

A
Ph)/SICS ABOUT BROWSE PRESS COLLECTIONS [RONNSNINSAIN

Il SYNOPSIS I

New Tetraquark Spotted in Electron-
Positron Collisions

March 11,2021 « Physics 14,533

‘ c ENARHFVELNBEEANERRASATRSRNRENTRSMES. - ‘ *

2021-03-18 4175 RS SEASR

The detection of a new particle containing both charm and strange quarks could offer new insights into how

hadrons form. o %40 Total fit —+— Data
p % 30 === Z.(085) ------- non-Res.
- 320
& 0 10
P ‘ 2
i = 0
w
-10

4 405 441 4.1§
K* Recoil Mass (GeV/c?)

Creating particles composed of novel combinations of quarks in high-energy particle collisions lets physicists
develop theories of quantum chromodynamics, which describe how quarks and gluons interact. Now, the BESIII
Collaboration at the Beijing Electron Positron Collider in China has detected another example of such a combination

—a “tetraquark” called Z,, [1]. The result offers insight into how quarks are distributed inside a hadron

MEEBZeEERDF AN AL TEE
Highlights
i ( ]
Observation of the Zcs(3985) strange four-quark meson ® L ARATES
2021-03-12 @Print  Text Size AA SERBFNRRARMREAMNNFFEFYNABBEALHNERAFEER

2B, REAGRFNERLANARDE., $3X—Eaana8, EMK'&‘&
HESEAZRE. RARNURIMANLPOEERRAFERTAAIAARES
- the first hidden-charm tetraquark state with non-zero strangeness - S4FEMNITRIAE . “E20205 5% BE, ARRARVSETRBERRR
EEGUEREEN. ERIKERENER L, RANEBRMECENIBBE, &
DRI DT EERGRBE, HZesFENRRERERTHHHMNIRANE.
EY-S3HENERESR, RERE, FRTHAETEY, RBBIANT ZcsHE

In the March 12th, 2021 issue of Physical Review Letters, the BESIII collaboration reports the discovery of an exotic
multi-quark structure, dubbed the Zcs(3985), that is produced in the process of et e —K* (Ds” D*0+D.*D?) at an e* e~

center-of-mass energy of 4.68 GeV. The Zcs(3985) is observed to decay to a charged strange-charmed meson plus a . ZesESMFFRE, ARER, RUEEESR, "HFEMNIZBEFA=N
neutral charmed meson, i.e., D" D*0+D;*D?, and has a mass of 3.98 GeV/c2. This is the first candidate for a tetra- AEANREAZERNRBE.

quark meson containing hidden-charm with non-zero strangeness. This paper was selected as an "Editors' Suggestion"

for that issue of the journal and was prominently featured on the APS synopsis website.
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Z..(3985)°

Events / (10 MeV/c?)

PRL129.112003(2022)

—4— Data Total PDF Signal
""""" Sideband ----- Non-resonant process === DJ*D
40F ) 5=4628Gev | 40F 0 5=4.641Gev
- 30¢F

40
30}

20

10}

o

20}
10}

100

F () Vs=4661GeV L (d) V5=4.682GeV

Jr bt

Sk 50 114 ++
; PPN A 200__ A uEe
- Vs = 4.699 GeV s All data
3 © 1sof 4.60
! _, .} p [0 B *
50

___________

05 4 405 41 41542 205 4 405 41 4.15 42

RM(K(S))(GeV/cz)

s ete” > KI(DID* +D*D7)
= Similar technique, check in the recoil against K2

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

mo(Z.5(3985)%) = 3992.2 + 1.7(stat.) + 1.6(sys.) MeV/c?
I,(Z,s(3985)°) = 7.7%5L(stat.) + 4.3(sys. )MeV
TABLE V. Born cross sections multiplied by branching fraction

of K°Z,,(3985)° and K~Z,,(3985)" at the five energy points.
The y? /ndf quantifies the compatibility of the five measurements.

oB°™ x B(pb)

Vs MeV)  K°Z.(3985)° K-Z.(3985)* x* x2./ndf
4628 447204£20 0892+£06 12

4641 00118+02 1612+13 05

4661 PEleelE 1608 08 55
4682 222408 44709+14 10

4699 0518 240412 21

We conclude Z,.;(3985)° is the isospin partner of the Z.,(3985)%
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Events / (7 MeV/c?)

Chin. Phys. C 47, 033001 (2023)

The charged Z_;

(a) D, Tag at s = 4.682 GeV

——4— Data &

200 - P D; sideband § 300
H o
=

200
N
~

£100
o
>
: =

A L es O 205
1.9 2 21 2.2 .
RM (K+DS) (GeV/c?)
1t Vs = 4.661 GeV 1k Vs = 4.682 GeV
! my(Z',) = 4120 MeV — my(Z',) = 4120 McV
I, =10 MeV I T, =10 MeV

UL at 90% C.L.=1.8 pb

=

UL at 90% C.L.=3.3 pb

Normalized gkehood value
n
T
Normalized gkehood value
h
T

=)

4 6
GBnrn, B (pb)

= Search for excited partner of Z.,(3985)* ine

'|||\|\LJJJ1|
5

10
GBorn, B (pb)

(b) D Tag

[ D’ sideband

—~
(o]
Q
~
>
L é’
21 215 .
RM(K'D™) (GeV/c?) =
z
g I =
s 1 Vs =4.699 GeV g
= my(Z', ) = 4120 MeV =
e I [,=10 MeV
E [ UL at 90% C.L. =4.1 pb
=0.5
(. ] L1

+ Normalized
S
D)

10
O—Born, B (pb)

e” > KtD: D*+cc

= Two different tag-methods (D; -tag and D*°-tag) are adopted.
» Evidence for Z/; state M(Z/;) = 4123.5 + 0.7(stat.) + 4.7(sys.) MeV/c?

= Significance is 2.10 (3.90) w/o considering systematic uncertainties.

» Statistics limited, decay width hypotheses are tested.
=>M(Z.5) = 4124.1MeV/c? under 10MeV decay width with local significance 4.10.

= Cross section upper limit @C.L.90% are estimated to O(1) pb.

whk D,(2536)' D, — Comb. BKG
B -.- NR —- Total data
- — Total fit — 7'
opoy B ++ 3
L e .
0 9/ ARG I ¢l|l\l '''' IS
4.12 4.14 4.16 4.18
RM(K") (GeV/c?)




The Y states

Measurements of more final states for the
Y and v states
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o(e'e—>ntmlly) (pb)

Gdress (Pb)

Y(4220) appeared in above processes.

PRL.118.092001(2017)

ete > ntn J/y

100

80
60
4wl

20

E 4+ XYZ

— Fit |

= =Fitll

3.8 4

22
Is (GeV)

Dressed Cross section (pb)

PRL.118.092002(2017)

ete” >t

Y(4220)

Iy
O
S

T -+ BESIII: R-s

13

—
0
S

1001

n
S
TTTT

n data sample
[ =BESIIL: XYZ data sample

PRD.96.032004(2017)

h. ete” > n'rm 1//(3686)

120

100 F
80
60 F

40f

Cross Section (pb)

PRL. 122,102002 (2019)

Vs (GeV)

I ‘I'BESIII

Belle

- BaBar

E Tl sit b,
T Hﬁﬂ ,
-0 i
— 1 1 1 1 1 1 o 1 1
39 40 41 42 43 44 45 46 200 41 a2

1000

500

0

ete” > tDOD*~

4.1 42 43

Ec(GeV)

14

45

Mass:4220MeV, Width~60 MeV!

4.6

unknown.

o(e'e'—wy ) (pb)

100 - +

PRD.99. 091103(2019)

ete” = wyy

¢ This work

—4- BESIIl 2015+2016

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
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Recent progress on Y studies at BESIII

0
ete” -» n'nl) /Y PRD.102.012009(2020)
+ —
ete =>n//Y PRD.102.031101(RC)(2021)
ete > n'J /Y PRD101.012008(2020)
+ - + =0
ete on.ninn PRD103.032006(2021)
ete” > KK~ J/y Chin. Phys. C 46, 111002 (2022)
ete -t~ DTD~ PRD106.052012(2022)
ete > D**D*~, D**D~ JHEP05.155(2022)

Y(4220) couple to hidden-charm final states more easier?



Cross section of ete™ - D*OD* ¢t

PRL130.121901(2023)

P*(n% (GeV/c)

0.15—— —————————
3 o185 TS = 4.600 GeV Datd’ Y
:.. . ‘... ] % et - o -('D-tag) ":-.‘. _ \
i -
0.05 [+ 7112
R

M(x°D°) (GeV/c?) M(xD) (GeV/c?)

1500 - (s=4600Gev 4 4 o4 Vs = 4.600 GeV —+ Data
N -

§ (D"-tag) - -~ Background 300 (D-tag) - - - Background
% 1000k - - - Peaking BKG - - - Peaking BKG
3 i — DD 200 — DD’

= I Inclusive BKG Inclusive BKG
g 500 i 100

[0) 3

>

L L

0 = = v 0 =
1.95 2 2.05 2.1 1.95 2 2.05 21

RM(r*rD°) (GeV/c?) RM(r*n°D ) (GeV/c?)

= Similar technique is adopted with the paper on Z.(4025)t ine*e™ - n*D*°D* +cc

= Two different tag-methods (D*°-tag and D*~-tag) are simultaneously considered.

= Evidentete™ —» n*tD*9D*~ signals.

m  No peaking background observed in background MC samples but some low level unmatched events

from fake photon;
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Three charmonium-like structures are observed in D*°D* 1t
PRL130.121901(2023) B

+ XYZ data m, = 4209.6 + 4.7 + 5.9 MeV/c?
~+ Scan data [ =81.6+17.8+ 9.0 MeV

1200 -
- — Fit

----- Continuum

—
o
o
o

800

.
.

---------- m, = 4469.1 + 26.2 + 3.6 MeV/c?
------ I, = 2463 + 36.7 + 9.4 MeV

600

400

Lo*
.
'
.
.
.
.

200

Gdressed(e+e<_)D*OD*'TC+) (pb)

.
L
.
il
----
.
----
.....

- ms = 4675.3 + 29.5 4+ 3.5 MeV/c?
42 43 44 45 48 47 48 49 5 I; =218.3 + 729+ 9.3 MeV

o

m Cross section at 86 energy points are measured.

s Three charmonium-like structures found in D*°D*~m* final state(>100).

m Left and right structures consistent with Y(4230) and Y(4660)
=>Disfavor hybrid interpretation of Y(4230). Same order with D°D*~r+,
=>First observation of Y(4660) in open charm final states.

m Center structure compatible with Y(4500) observed in K*K~] /Y

=>two order lager coupling, disfavor hidden-strangeness tetraquark nature
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s (GeV) ABSTRACT
A3 s — 1 The Born cross sections of the process ete™ — D°D"~7t at center-of-mass energies from 4.189 to
aﬁla L&Im?:ll\-j Pc - 1 m%%‘%gﬁ 4.951 GeV are measured for the first time. The data samples used correspond to an integrated

luminosity of 17.9f/b~! and were collected by the BESIII detector operating at the BEPCII storage ring.
e enhancements around 4.20, 4.47, and 4.67 GeV are visible. The resonances have masses of
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