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Hadrons: normal & exotic

« Hadrons are composed from 2 (meson) quarks or
3 (baryon) quarks

Quark model:

* QCD does not forbid hadrons with N, s

— Glueball : Nouarks = 0 (99, 999, ...)

— Hybrid : N = 2 (or more) + excited gluon
— Multiquark state : N 4> 3

— Molecule : bound state of more than 2 hadrons
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Charmonium

o States below charm threshold are all observed.

GeV A , e
« Still many missing states above charm threshold.
4.80F « Continuously search in experiment.
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Charmonium and XYZ particles
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Not an obvious charmonium state  What are they ?
But charmonium in the final state =
XYZ or charmoniumlike particles
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X(3872) and Y(4260)



Events/0.010 GeV

What is X(3872)?
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- PRL 91, 262001 (2003)]
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The first X(3872) particle discovered by
Belle in 2003 by B> Krtrt ™)/
Mass 3872.0£0.6x£0.5 MeV

Immediately confirmed by CDF
experiment
Mass 3871.310.7£0.4 MeV

Nature?

Near D°D%* mass threshold
[~¥3871.8 MeV]

Width: very narrow < 1.2 MeV
Charmonium? 1°D,, 23P,...

Need properties study, spin-parity...



Number of candidates / 0.4
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What is X(3872)?
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Number of experiments / bin

Both Belle and BaBar observe
X(3872)-2>vJ/1p decay
C-parity = +
CDF further rule out other
possibilities, but 17" & 27+
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What is X(3872)?

102002 (2 . . . .
2501 X(3872) - rysear 20 102002 ( 006)+ * Dipion mass is dominant by

AR 0(770) meson = I=1

2001 - - Jry p (L=1)

CDF Il 360 pb™

150 |— Multipole Expansions for cc:

* X(3872)>wl/ by Belle & BaBar.

X(3872) yield per 20 MeV/c’

=°S,
100~ 72 5y x5 b7 « Ratio ™~ 1, hint large isospin
o 2 fw‘{@\\\ violation
[ s RS R R AR R AR ARK TN
-0 04 o6 08
nn Mass [GeV/c’]
X(3872) nature (very likely exotic): Br[X->v(25)1/Br[X>vJ/]~2.51
 Properties not match 23P, charmonium of _ r b)
potential model. S g LHCH +
+ Ifitis not 23P,, where is 23P,? N +
- Loosely D°D™ bound state (like o ;\lﬁ
deuteron?)? $
« Mixture of excited y., and D°D™ bound Z :
state? 0

« Many other possibilities (4 quark state?).



Events / 20 MeV/c?
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Y(4260) state by ISR

- PRL95, 142001 (2005) 10!
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Using ISR, BaBar and Belle can
study 17 Y-family charmonium.
Y(4260): M~4.26 GeV, I'~100
MeV

Potential model: 1(4040),
P(4160) & (4415)-> large width
to open charm.

m(erl/y) Gev/ic) o |arge decay width to )/,
“F " : PRL99, 182004 (200731 very different
548fb1
% 60 - - . = = Solution | 1 et C
f‘; + = Solution |l * JPC — l“
; 40 Y > 29
, VLYY
5 ISR _
20 e C
Initial-State-Radiation technique

0

M(x 'n JAw) (GeVic?)
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33 b ) PRL110, 252002 (2013).
- & 4
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Nature of Y(4260):

The Y(4260)9ﬂ: )/

Belle
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BaBar :
{ PRD86, 051102 (2013).

4 42 44 46 48 5
E..(GeV)

52 54

Property not match vector charomonium [potential model].
Lattice predicts: Hybrid state mass around 4 GeV?

Mass near DD, meson threshold = Molecule state?

Other possibilities (4 quark state?).
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Connection: ete™ 2>yt )/1p @ BESIII

Events / 0.004 GeV/c?
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Events / 3 MeV/c?
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3.85

3.9 3.95

M(rJiy) (GeV/c?)

M=3821.940.7+0.2 MeV,
I'<2.4 MeV @ 90% C.L.
6.30 significance.

o¥(yX(3872)~»ym'wJ/y) (pb)

BESIII: Y(4260)>vX(3872)

—+— data
0.5 PRL112, 092001 (2014). — Y(4260)
C --- Phase Space

0.4
0.3F
0.2F

0.1F

[ BESIII

--- Linear

-
__.—"—
[ S ST R T S T | PR

PR S S T Y e P—
4.1 4.2 4.3 4.4 4.5

E.. (GeV)
Fit with:

1. Y(4260): 2/ndf=0.49/3
2. E1 PHSP: «%/ndf=8.7/3
3. Linear: ¢?/ndf=5.5/2

* For the first time, bring X & Y particles together.
* Hints something common for them? s



1S

R Y-family
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Charged Z_states at BESIII



Study Y(4260) at BESII|

Effective ISR luminosity (QED).
L(total)~967 fbl @ ~10 GeV.
~85 pb1/20 MeV at 4.26 GeV.
What's about BESIII?

~20 pb/day around 4.26 GeV.

BESIII is a scan experiment

CM energy: 2 GeV — 4.6 GeV
Design Lum=1*1033 /cm?/s
Focus on one energy point, then
more competitive than B factory

—
S
o

~10 year running at Belle

Luminosity (pb™'/ 20MeV)

E.. (GeV)



What do we have at BESIII?

Light hadrons + charmonium decay + D meson

1.3 Billion 0.4 Billion 2.9 fp1

v (GeV) L (pb~1)
7 —— — 3.900 52.8
. 1 4.009  482.0

- T/ ¥(25) ]
6 [ A Mark-I . 4.090 51.0
I Mark I + LGW 1 4190 43.0
5 | = Mark-II 1 4210 54.7
i ® PLUTO 1 4220 54.6

B O DASP _
4 % Crystal Ball 4 420 10900
- * BES 1 4.245 56.0
3 [ | | | 4 4260  826.8
- | { | { | + i 1 4310 44.9
2 _____j___J_LL Lol 1 4360 5445
S ] l 1 4.390 55.1
3 3.5 £ 4420 447

 Huge data near 4.26 GeV, 4.36 GeV ...
* High potential in studying XYZ particles above threshold !
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Study Y(4260) at BESIII

« Dec, 2012 to Jan, 2013, BESTIT accumulate 525 pb- data
@ 4.26 GeV, world's largest data set!
« Study e+e->mtn )/ exclusive process.

gt
o ete” 4; T QUTu

X view [

1. Very simple and straightforward analysis.
2. The produced vector charmonium(like) state almost in rest frame
3. Y(4260)>n*n J/p, four charged track detected.




Cross Section at BESIII

L 109 -+4- Data 3 120 -4 Data
S 140 — Fit = — Fit
8 120 | ... Background 8 100 | ... Background
%100 N 80
S % S ||
» 60 @ |
& 40 ) %
@ 20 @ 20 .
03 ) .“ 31 3.5 m 0 o -. B 31 - “.wh_“
M) (GeV/ic?) M(e*e) (GeV/c?)

1. Lum=525 pb! @ BESIIT

2. N(utu)=882+33; N(e+e )=595+28.

3. Born cross section: 08=(62.9+1.9+3.7) pb @ BESIII.

4. Good agreement with Belle and BaBar.

5. Analysis is valid and unbiased.
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M?(m*m) (GeV/c?)?

signal events, with purity ~90%.

Intermediate state——Z7_(3900)
Requiring J/y mass window: [3.08,3.12] GeV, we have 1595

1.4F
C ,._-.-_'ppl'
12'__ ."-wll'*.-!_h_-_H
- N
1:_ '| J.| ’_.\
TG, = Rl T T e
[ e oL wTee s S
OSF JPAEL IR TAGE Y |
04F - " ==L TN Y WY
L e JEEE Tl N
- L - e LT
2 . -3 -\
02F ileggd gz bl |
o'....1....1,.,.1....1....n-e.,l,...l...,
10 11 12 13 14 15 16 17

18

MA(mrd/y) (GeV/c?)?

‘ 1

10"

M ( Jhy) (GeV/c?)?

18
16
15F
14F
13f
12f
11F

1 10

10"

11 12 13 14 15 16 17 18
M (m*J/y) (GeV/c?)?

1. Intermediate states both in M(mt*7t") mass distribution and
M(mt=J/1p) mass distribution.

2. A clear band in the M(mt*J/1) invariant mass projection.

3. Phase space reflection between M(mt*J/\) and M(xtJ/vp).
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M?(m*m) (GeV/c?)?

Events / 0.02 GeV/c?
o 3 85 8 8
LB T l

Intermediate state——Z7_(3900)
* Requiring J/y mass window: [3.08,3.12] GeV, we have 1595

signal events, with purity ~90%.
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[[] sideband
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e

Well modeled b

Events / 0.02 GeV/c?

13

14 15 116 17 18
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102

y S-Wave ntn- resonance.
120;_ ~+data
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M ( Jhy) (GeV/c?)?

N =

o U s Ww

Intermediate state——Z7_(3900)
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Events / 0.01 GeV/c?
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===« Background fit
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HH 3 ¢ T
il WL
.u.-“:!

3.7 3.8 3.9 4.0
Mmax(TJ/y) (GeV/c?)

First stage, 1D fit to extract resonant parameters.

Divided by diagonal line of the dalitz plot and fit M

(*) /) mass

Mmax

distribution; best way to avoid cross counting.

S-Wave Breit Wigner; p*qg phase space factor; efficiency corrected.
M=(3899.0£3.614.9) MeV, I'=(46x£10+£20) MeV.

Statistical significance: >80, discovery!

Further precise mass & width, spin-parity measurement
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Good News

100 -PRL 110, 252001 (2013) —+ Data
o B — Total fit
LQ B .-.. Background fit
o SOF BGS]H - - PHSP MC
(SD 60:— + [ Sideband
o -
@ 40f
= -
) M
0 oy
W 20
;' P S S A S W S WO NN SR Sy S S sl
3.7 3.8 3.9 4.0
Mo (T JIy) (GeV/c?)
70 PRL 110, 252002 (2013)
C —+4- data
Ng 60— — Fit
> - — Background
8 505_ «s=s PHSP MC
S 40F
=) -
~ 30¢
24 -
& 20F
> - 4
L - N T
10fy/;
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PR S T N O O M L1 T 1
3.8 3.9 4
M, (7wl (GeV/c?)

Counts/10 MeV

405 t Data m CLEO’s data @
z:i _ :itt\ase Space 417 GeV

t PLB 727(2013) 366
25}
zoi— ‘ 1

si-iﬁLT i it
%é';o — 3700 300 3900 430

M, (201 ) (MeV)

BESIII: M=(3899.0+3.6+4.9) MeV;
'=(46+10+20)MeV

Belle: M=(3894.5+6.6+4.5) MeV;
['=(63+24426) MeV.

CLEO’s data: M=3886+6+4 MeV,
['=331617 MeV.
Z.(3900)=Z(3900)=. 2



Four quark state

Z (3900)

Tetraquark or
molecule like?

Decay to charged pion (it*) and
charmonium (J/)

Carry electric charge, can’t be
normal charmonium state |
Coupling to charmonium, must have
charm and anti-charm inside !
Minimal combination is 4 quarks...
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A series of Z_states at BESIII



Events / 4 MeV/c?

Threshold resonance: ete 2> (DD*)*t +c.c. ?

PRL 112, 022001 (2014) 100}

(o]
(=]

~

(=)
(o]
(=]

n'D'tag

A O D
o O O

S
Events / 4 MeV/c*

N
o

P39 " 395 4 405 21 *Is

Z,c(3900) mas near DD* threshold.

Angular distribution («D) disfavor DD, component.
Fit with mass dependent BW, report pole position.
Polynomial background.

Z.(3885) — DD"
Z.(3885)=Z.(3900) Mass (MeV/c?) 3883.9 = 1.5 £ 4.2
Very large yield ! I' (MeV) 248 +£3.3+11.0
[(DD*)/T (st=) /4 )~6.2 o x B (pb) 83.5+6.6+22.0 2




Spin-Parity of Z_(3885)

045 pRL 112, 022001 (2014)

Fractional yield

in Y(4260) rest frame

00 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9

|cos 6,]
| L | dN/dlcosB,] "
1t S-wave flat
0 P-wave sin%0_ Favor JP=1+

1 P-wave 1+cos?0,
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Events/ ( 0.03

Events/ (0.03)

Neutral partner: ete=> n°n®/y

3.0 32 34

M{Jly) (GeV/ch)

4210 MeV

3

M(J/qf)A (GeV)cz)

4390 MeV

32

M) (GeVic)

140

ts

Ve

2.6 2.8 3.0 32 34

M(Jy) (GeVic?)

4220 MeV

N
G

Events/ (0.03 )

o
T

W
T

o

3.

2 X
MJ/y) (GeV/ch)

4420 MeV

N.I(J/\V)' (Gev)cz)

—~
[
<
<
~

j2}
-

o
>
=

Events / (0.03 )

600
500}
2 400[-
=

300
200F

100

& 5

[N)
= =
T T

0
2.

N W
G
T

NS W S &
T

a2 4190 MeV
<o 10k
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2.8 3.0 32 34 %,6 2.8 3.0 3.2 34
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3 201
2
= I5F
4
= 1of
S
3.0 3.2 X %6 . X . K
M{J/y) (GeV/c) M(J/y) (GeV/c)

Simultaneous fit to ten data sets
(@ different energies.

Signal: BW convolved with
resolution.

Backgrould: 15t ordered poly. .



Events / (0.02) Events/ (0.02)

Events/ (0.02)

Neutral partner: ete=> n°n®/y

4260 MeV

=
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20

I I
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4
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21 o ||o
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w
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I I
38 4.0 42
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4220 MeV

.8 X .
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4
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Events/ (0.02)

4230 MeV

I I
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42
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4245 MeV

3.8 4.0
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Events/ (0.02)

Events/ (0.02)

4190 MeV

38 4.0 42
M(1°Jy) (GeV/c)
4310 MeV

3.8 4.0

M(z°J/y) (GeV/c?)

BESII

Preliminary

Mass = 3894.8+2.3 MeV
Width = 29.6+8.2 MeV

Significance = 10.4 o
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Z.(4020) or Z_(4025)?



V5 (GeV) L (pb~ 1)

efe 2w rh, gy

4.090 51.0

Data above/near 4 GeV, with luminosity 3.3 fb! 338 ;‘j"j

. . 4.220 54.6
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Events / ( 0.001 GeV/c?)

Events/(0.005 GeV/c?)

60F ~
S0 | ¢
40F -
: Th T ;
30 [ " 2850 352 3.54 356 348 360
3 \ MY Gevieh)
20f } { I
Phdih .é:'l‘ |'I-:| | { *
TORHTHTR R === F-- - e AT TP 0 <
'lq.' ! 4 ST
PRRE ST TR [ T S RN NN SN U SH NN S S T S S l L
3(.;50 3.52 3.54 3.56 3.5?G v/ 32.)60
€Y/C
PRL111,242001(2013) M,
120 1.
100 ‘;e:
: 2.
>
80 : 3.
&
60 + } g A
>
- 48 39 40 4l
40 + J{ M., (GeV/e?) 4.
20
- ’ 'E‘MI‘. Sediossiee 50
£95 400 4.05 410 415 420 4.25

M, (GeV/c?)

|
. % w o W (=2 -~

130701 02 03 04 05 06 07 08
M, (GeV/c?)
Clear w*swt"h_ signal in data.
Events accumulate M?(m*h_)~16 GeV?
Signal: BW convolving resolution;
efficiency & phase space included.
M[Z.(4020)]=(4022.9+0.8+2.7) MeV;
I'[Z_(4020)]=(7.9+2.7£2.6) MeV
o[nZ(4020)]~10 pb level
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Neutral Partner: e*e”2>n'nt’h_

400 p 3.2 »| guaé‘augn HEHEH 45
3 gasREERS2ac::
‘: 350F > a1 SERERRERE 23 o .~ Besm
o~ o S EEHEEEED 3}
> 300f O o in e > 35 o
$ TEes S > Preliminary
& S T 5 gbBRRaRRcRRRER BaR0225 2242 O 30
wy 250F € MR ~
s >, it = 25
= 200 3 34 35 36 37 =
p M (GeV/cd) < 20
£ 150 e 2
< = 15
S 100 > 10
> =
= 5 5
1 L 1 L I L 1 s 1 I 1 1 1 1 | 1 L 1 L l L 1 1 1 l 1 2 1 1 %
P35 34 345 35 355 36  3.65 85 39 395 4 ; 4.2  4.25
i reco

* Using the same analysis technique to study isospin channel.
* Clear ete”>n'n’h_signal observed, isospin symmetry.

* Neutral candidate: M[Z_(4020)°]=(4023.9£2.213.8) MeV;
width fixed to charged one.
 Significance ~50 arXiv: 1409.6577
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Threshold resonance: e*e— w (D*D*)*+c.c.

* Mass of Z_(4020) near (D*D*)* threshold.

« 827 pb!dataat E__=4.26 GeV

* Tag a D" and a bachelor i, reconstruct one ¥ to suppress
the background.

o

- 4 \\
,l N ‘IEZO ":’lt y

-~ -

DO

Topology of the decays of the signal process. Thick line circled
DT and 7~ are detected in the final states and at least one of the

dashed line circled 72 or 71‘8' is tagged.
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e*e— nZ (4025) 9:1: (D*D*)*+c.c.

&5 [ —+— data ——2Z(4025)
S o ws - PHSP

g 400 [ rememenenss Argus fit to sidebands
L 300} +

N

E 200}

c

= 100}

L

205 21 215 22
RM(D'1)+M(D")-m(D*) (GeV/c?)

 Significance >10c

: —4—data  —-Z.(4025)
cf.; 700 — total fit ~— comb. BKG
= - ---- PHSP signal
%) 60 ws
= 50
9] -

N 40;
S 20
> -
W 10}

4.02 404 406 408
RM() (GeV/c?)

Fit to t* recoil mass (RM) yields 401+47 Z (4025) events.
M=(4026.3+2.6+3.7) MeV; I'=(24.8+5.6+7.7) MeV.

oB(e'e 2D D m)=(137+9+15) pb.

o[nZ.(4025)]~90 pb; I'(Zc(4025)>D"D*)/T'(Zc(4020)—>th )~9.

PRL112,132001(2014)



Events/0.01 GeV

Z(443O)+9n+1p(25) from B meson decay

PRL1OO 142001 (2008)

o
4?
:-3

30 -

o
o
W

2(4430)+ ;

e
o
ro

2" PRL112, 222002(2014)

.:
o
-

L L | 1 1 1 1 L 1 1 1 1 L

3.8 4 4.2 4.4 4.6 4.8
m,,. [GeV]

M=4475+7+15 . MeV
=172+13*7_,, MeV
Significance: >13.90

Efficiency corrected yield / (25 MeV )

3.8 4.05 M \;?‘is(GeV) 4.55 4.8
M=4433+4+2 MeV * First observed by Belle
=458 _,+30 .. MeV * Confirmed by LHCb

Significance: 6.50 e Belle & LHCb: JP=1" 35



E[GeV]

4.6
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LQCD: Evidence for a charged Z_*

a b c d e f g h
_ YT
| L] L] [} L] + |- D) D*(-1)
" ' % |1. First{principle calculatign using Lattice QCP (<4.3 GeV) 1 ‘1’9710)“
| | . o q- . . "
B 2. Onlywhen diquark-antidiquark creation operator included 7| 3(213)1:
- 3. Althqugh not precise, indicate four quark state existing 71— DD*
| — - Iy n(-1)
jT: =t = |x* |x* |a | T E 4— MNP
L SEHE S T i SHEEE 8 S L2 e St bbb .
| — e g 3 - X |- -—= ~— Jym
i -_;.:_ ..... T e | TP @ e e o e = ¢ o e o T e e ]
R T T i @D
— = x = x - = =
| |-
| without | without | without | without | without _ 3
exp. all 4Q |DMD*H| DD* | YR | D*D* | only4Q | (@ ‘P------- @s)
arXiv: 1405.7623 39



A mirror in the Bottomonium system
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Charged Z, states

Y(55) - h,(1P)r*r Y(55) - hy(2P)mtrc PRL108, 122001(2012)
= 12000} L7500}
= 10000 NO NON-TES. = 15000} Two peaks in all 5 modes
L o .
2 so00} CONtribution 2 12500}
£ s000| 210000 . minimal quark content
> 4 =
% 4000} W 7500f .
phsp | bbud )
b4l ,} F 2500 flavor-exotic states
2ooom-“+lﬂ*_ o °F
10.4 105 10.6 10.7 10.4 105 10.6 10.7
M[ h,(1P) 7] M h,,(2P) 7] Dalitz plot analysis
—
Y(SS) —)T(lS)n T Y(5S) =>Y(2S)n* Y(SS) —)Y(3S)7t 7:
-------------------- Raamans 100 rrrrrr e 120
N : o= mmm s j ""'t l"""""-:--;;o;E
9 ol ! note different scales : 1%
s | : 1% \ > 80f
- 2 60 : 2
3 o : <
i e :
5 g r ! 0 C
a M 20¢ a 20f
Os 102 103 104 105 100 105708 3041045 105 1005 100 1085 107 07 e AT o o o
M(Y(1S)n),,,, (GeV/c?) M(Y(2S)T),,,, (GeV/c?) M(Y(3S)T) .., (GeV/c?)
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Charged Z, states

Y(55) = hy(2P)*r

M,, — (Mg+Mg.) = + 2.6 + 2.1 MeV

Z,(10610) =7

PRL108, 122001(2012)

Two peaks in all 5 modes

minimal quark content

| bbud )

flavor-exotic states

Z,(10650) =7’

Y(5S) — h,(1P)r*m
N% 12000 L7500}
= 10000 NO NON-TES. = 15000}
2 i_contrlbutlon %12500 ohsp.
€ £10000F 7 T
it @ 7500f i
5000F :
2500F
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Fit results
Y(1S)n'
Average over 5 channels
Y(2S)n'n
M, =10607.2£2.0 MeV T
Fl =18.4 + 2.4 MeV Y(3S)n'n

h,(1P)n’

M, =10652.2 £ 1.5 MeV h,(2P)r'
,=115 £ 2.2 MeV

M, —2Mg. =+ 1.8 £ 1.7 MeV Average
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(Events/20 Mev/cz)

(Events/50 Mev/cz)

Neutral partner: Z,(10610)° & Z,(10650)°

Amansnanay 38 preerre Y(ZS)TCOTCO

00 00
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Y(2S)n° Y(3S)n° Combined
Significance of Z,(10610) 4.9 4.3c

(including systematics) observation of Z,(10610)° *



Nevents/5 MeV/c2

Nevents/5 MeV/c2

50

Threshold resonance: ete 2> xt*(BB* & B*B*)+c.c.

IIIII

10.6

rM(m), GeV/c2

M (BB*) fr—rrr

lll

lllllll

Ol vl sl

10.75

Channel Fraction, %
Z,(10610) | Zy(10650)
T(1S)7+ 0.324£0.090 | 0.2440.07
T(28)r+ 1384+ 1.21 | 2.40+0.63
T(3S)x™ 2.15 £ 0.56 1.64 £ 0.40
hy (1P) 7+ 281+ 1.10 | 7.43+2.70
hy(2P) 7+ 1314207 | 14.8+6.22
B+ B*0 4+ BOp*+ 86.0 + 3.6 P -
B+ 0 - 734+ 7.0
v

BF[Z,” — BB*] = (25 + 10)% insignificant

* Similar behavior as the Z_states
* Same Nature?
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Summary

Huge experimental progress on XYZ particles.

The charged Z_and Z, states share similar
feature, should be exotic!

LQCD support four quark state existing.
X(3872) and Y(4260)... still keep mysterious?

BESIII build connection: Y(4260)—2>vX(3872)
radiative decay for the first time.

Understand them with more data & effort.

Thank you |
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