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Hadrons: normal & exotic

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

Quark model

* QCD doesnot forbid hadrons with other configurations
— glueball : Nquarks = 0 (99, 999, -..)
— hybrid : N = 2 (or more) + excited gluon
— multiquark state : Ng s> 3
— molecule : bound state of more than 2 hadrons
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Charmonium spectroscopy

States below charm threshold are all observed

GeV A
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There are lots of XY/Z states

Z(4430) Charmonium in the final state, but n
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Not all of them are charmonial -



Outline

The experiments

New results on charmonium [spin-singlets + |

New information on the X(3872)

Update ISR Y-family analyses and more ...

Z.(3900)*, Z.(4020)*
Summary & Outlook

Detailed results from BESIII
by Zhiging on Friday!




Results are from these experiments
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+ CLEOc, CDF, DO, ATLAS, CMS ...



y’>nlh, transition [106M v’ evts ]
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¥ recoil mass (GeV/c?)

BESIII: PRL 104, 132002 (2010)

Mass: 3525.40+0.13+0.18 MeV

Width: 0.73+0.45+0.28 MeV
(<1.44 MeV @ 90% C.L.)

CLEOc: PRL101, 182003 (2008)
Mass: 3525.28+0.191+0.12 MeV

Width: fixed to 0.9 MeV

AM, = <M(3P))>-M('P,)
Agrees with zero within ~0.5 MeV

Information on spin-spin interaction.

Combined inclusive and E1-photon-tagged spectrum (First measurements)
By*>n’hy) =[ 8.41.3(stat.) £1.0(syst)]x10"  Agree with predictions of Kuang,

B(h,2yn.) =[54.3+6.7(stat.) +5.2(syst.)] %

Godfrey, Dudek, et al.




Events/1 MeV
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h. via v’ 2> n%h_2>n0m, transition

" recoil mass (GeV/

PRD86, 092009 (2012)

16 modes, 832 events
Mass: 3525.31+0.11+0.15 MeV
Width: 0.70+0.28+0.25 MeV

CLEOc: PRL101, 182003 (2008)
Mass: 3525.28+0.1940.12 MeV

5
Width: fixed to 0.9 MeV

Dominant errors in mass and width measurements are
from photon energy calibration, resolution calibration,
and kinematic fit.

Can be improved with more data! 8



N, parameters from y'—yn.

106 M \V’ evts arXiv:1111.0398, PRL108, 222002 (2012)
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Simultaneous fit with modified Breit-Wigner (hindered M1) by
considering possible interference between n, and non-n. decays



Mass and width of n,

arxXiv:1111.0398, PRL108, 222002 (2012)

Mass = 2984.3+0.6+0.6 MeV/c? [LQCD found a higher mass!]
Width =32.0+1.2+1.0 MeV
¢ =2.4040.07 +£0.08 rad or 4.194+0.03 +0.09 rad

_ (two solutions of the interference)
World average in PDG2012 uses earlier measurements.

= Belle yy Belle vy

CLEO yy CLEO yy

BaBar yy — % —— BaBarvyy
—O— CLEOc J/y —O— CLEOc J/y
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—— BESII v’ —— BESII
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n_mass (MeV) n_width (MeV)
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n. properties from h,=2yn.
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PRD86, 092009 (2012)
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M(hadrons) (GeV/c?)

M(n.) [MeV]

I'(n;) [MeV]

N(n.)

2984.49+1.16+0.52

36.4+3.2+1.7

1035

E1 transition! Ey suppression less severe than in M1 transition!

Irreducible non-n. background is smaller than in v’ decays! B




%) First observation of y'>yn/

b
106M vy’ evts arXiv:1205.5103, PRL109, 042003 (2012)
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« Simultaneous fit with:

Statistical significance > 10c

* 1. signal: modified BW (M1) (Resolution extrapolated from y,)
* % Signal: MC shape smeared with Gaussian
« BGs frome* e— KK= (ISR), y' — KKn (FSR), ' — nKKr: are

measured from data



First observation of y'—2>yn.’

. N y
BESIH Y, ¢

18 years’ work! arXiv:1205.5103, PRL109, 042003 (2012)
3 generation physicists

« M(n,) = 3637.6+2.9+1.6 MeV/c?
«T(n,)) = 16.9+6.4+4.8 MeV

« Br(y'—ym, —yKKm)=(1.30+0.20+0.30) X 10

Br(n,/—KKmn)=(1.9x£0.4x1.1)% from BaBar

Br(y' —>yn.)=(6.84+1.1+4.5) X 10

CLEO-c: <7.6x10 (PRD81,052002(2010))
Potential model: (0.1-6.2)x104  (PRL89,162002(2002)) 13



Evidence for the X(3823)

arXiv:1304.3975 (PRL111, 032001 (2013))

71167 | B SxavK

4 )
3 0 = . meas ) gmeas PDG

i MX(3823) - MX(3823) MW' T M,/,'
) —3823.1+1.8+0.7 MeV
220 - y,
;;310_ The measured mass

;.-._._'::'.".'.'.'_".Z‘.‘.‘.:.-:.-.%. .......... ’ ._.._ " and width are

O S . | | ! | P T | PRk U] ST TR P S M| !
3.75 3.8 3.85 39 consistent with the

M, c1y (GeV/c?) missing W,(1D) state

FIG. 4: 2D UML fit projection of M, _,~ distribution for the
simultaneous fit of BT — (Xclfy)Ki and B° — (ch)Kg

decays for My. > 5.27 GeV/ ¢*. The curves used in the fits
are described i [31].

BESIII may search for it!

14



What is the X(3872)’?

Mass: Very close to D°D’ threshold m;- | 140/
Width: Very narrow, < 1.2 MeV = '
JPC=1** [LHCb, talk by Thomas Latham] =|

Production e 1

M(TETCJ/\V) M(J/\V) [GeV]
— in pp/pp collison — rate similar to charmonia

— In B decays — KX similar to cc, K*X smaller than cc

— Y (4260)->v+X(3872) [BESIII, more by Zhiging on Friday]
Decay BR: open charm ~ 50%, charmonium~O(%)
Nature (very likely exotic)

— Loosely DOD* bound state (like deuteron?)?

— Mixture of excited y., and DD bound state?
— Many other possibilities (if it is not y'.,, where is y'.4?) 1
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Events / 0.001 GeV/c?

Observation of e*e- 2>yX(3872)

B — r Tt T — 1 1 T 1T T
L 15_ —
500; . =4 Data -
200t o [ — Total it
- % i === Background 7
- S 10_— -
300 — ) i 1
200 e [ ]
B % 5 l ‘ —
R > - J
100~ LU ][ Il ﬂ -
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19.66 3.67 368 369 37 371 372 %.8 3.85 3.9 3.95
- 2
M(r*mJhy) (GeV/c?) M(r*r"J/y) (GeVic?)

ISR y’ signal 1s used for mass, and mass resolution calibration.

N=1818; AM=0.34+0.04 MeV; Ac,,=1.14 £0.07 MeV

arXiv: 1310.4101,
N(X(3872)) = 20.1+4.5 6.30 PRL (in press)

M(X(3872)) = 3871.9+0.7+0.2 MeV [PDG: 3871.68 +0.17 MeV]

16



Observation of Y(4260)—>vX(3872)

arXiv: 1310.4101, PRL (in press)

production mode
0.1

o 0.6
o - —4— data
—~ 05F — Y(4260)
2— E -== Phase Space
JE 0.4 E_ --- Linear A new Y(4260)
i‘ 0.3F decay mode
N oL A new X(3872)
3 0
< -
> N
o
o)

If we take B(X(3872) — w7 J/¢) ~ 5%, ( >2.6% in PDG)

oleTe™ o
J((e+e—:;f?1('?—>8j/2‘3))) ~ ].O/o

Large transition ratio |



Y-family states

(vectors observed in Initial State Radiation)

+ e*e” 2n*nh, from BESIII

18



The Y states
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------- Solution One -

Entries/25 MeV/c”

------- Solution Two

PRL99,182004 7
548/fb

5 5.5
M(x* nJ/\y) (GeV/c?)

Events / 50MeV/c

"~ PRLO5. 142001
273/fb

ety t"tu*t%

I

It Y(4660)

Above DD thres., decay to open charm? 4z a5 is-15 s'z 53 54

98
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0 o

o
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Entries/20 MeV/c?

Events / (0.020 GeV/c?)

Th e Y StateS Belle: PRL99,142002, 670/fb

BaBar: arXiv1211.6271, 520/fb

- 10% Gy S U U U U U U U
[ o % 1sE-(a) y(2S) - Iiyn'w 3
: S 160 - | ¢+ BaBA4r =
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80} b o B 2, (i Belle -
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: PRL110,252002 o U E
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M(n* J/v) (GeV/c?)

P A m(y(2S)t' ) (GeV/c)
70 Y(4008): confirmed by Belle with
60 | PRD86,051102 more data; events observed at

BaBar, fit with exponential
Wait for BESIII
Y(4660): confirmed by BaBar

454/fb

40
30

50 F

TE} Y(4630): no data, a bit beyond
N O B i et BEPCII/BESIII limit
38 4 42 44 46 48 5 52 54 20

m(Jyn ) (GeV/c?)



Two-resonance fit

Still observed two resonances,

: —TTTTTTTTTTIT Y(4008) and Y(4260),
N 1200 () SR agrees with Belle’s
S 100¢ R 2 previous results.
[4)) [ Pt ' e
CZD 80 - | ] \r‘t,‘l";""l' wp:"'mﬁ\"lll"\'ﬁh R,=Y(4008)
% 0L (I 35 4 45 5 55 R,=Y(4260)
'_,GC_J, 40 _ """" Parameters Solution 1 Solution II
c L 1 d v M, . smimimss
m : M(R,) 3890.8 + 40.5 + 11.5
20 s b T (R) 254.5 +39.5 + 13.6
. eliellisslot bl T B(R, - 7' 7 J/y)  (38Z06=04) (84=12=11)

%8 4 492 44 46 48 M(R5) 4258.6 = 8.3 = 12.1

Lo (R7) 134.1 * 16.4 = 5.5
M(m'mJhy) (GeV 1 T, B(R, — w7 J/) (64+08%0.6) (20.5= L4+ 20)

¢ 50+ 17*+11 —116 = 6 £ 11

1. Fit with two coherent resonances |BW,+BW.,*exp(id)|>+bkg.
2. Mass of Y(4008) is lower than before
3. Fit quality: %/ndf=101/84, confidence level is 9.3% 2



Events / 0.002 GeV/c?

Select e*e— n*nJ/y at 4.26 GeV

BESIII: PRL110, 252001

882133 995128

C Y] F
i O B
140} " E : +
100¢ = -
i o -
80 ~ -
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60; 0 401
40 o F
C 20_
20 -
3 3.05 3.1 3.15 3.2 3 3.05 3.1 3.15 3.2
M(u) (GeV/c?) M(e*e) (GeV/c)

« Select 4 charged tracks and reconstruct J/y with lepton pair.
* Very clean sample, very high efficiency (~45%).
« o(ete—> ' J/y)= (62.9£1.9+3.7) pb

22



Cross section of ete— n'n-J/vy

80 } Belle: PRL110,252002
BaBar: PRD86,051102 & . *H
m120||||||||||||||||||: 50 *
Car= g 40 \ | {d
& 100~ B 30
E% 80? + T 20 HHH hw HH H
T O W
K 60— ; O T | """""""" H‘H} ++HH+++++
T L 38 4 42 44 46 48 5 52 54
" + ++ E.., (GeV)
4 % + BESIII: PRL110,252001
ob- + H__ Wy oo Moy, 8
o R AR AN *g A2 41 BESIII: clete— n'nJ/vy)
En(Ge) = (62.9+1.9+3.7) pb

BESIII is measuring Cross sections at more Agree with BaBar & Belle!
energy points, and will take more data!

Best precision!



e*e— n'nh (1P) at BESIII

* h.—n. n. —hadrons [16 exclusive decay modes]
* pp, Tt KK, ntnpp, 2(K*KY), 2(n*r), 3(n*n)
o 2(n*m)K*K, KPKH+c.c., KPKrntn+c.c., KKl
« ppn?, K*Km, ntnn, n*nnoqx0, 2(x*n)n, 2(n*nnO)

— 3.2 24 ~ 3.2

= 2

o 3.15 > 3.15 25
& 20 <o

-:'g'\u 18 'g* 3.1

E 16 E 20

14

12 3
10

8

6 2.9
o 5
5 -:.-l- , 288
| [ |
2.§- -||||- |||||| - I- 0 2'§ - L - _ ||||_||||F|| 0
3.5 3.51 3.52 3.53 3.54 3.55 3.56 3.57 3.58 3.59 ;}.6 S 351 3.52 3.53 3.54 3.55 3.56 3.57 3.58 3.59 3.6
m(hc)(GeV/c‘) m(hc)(GeVz’cz)

BESIII: arXiv:1309.1896, PRL111, 242001 24



.~ Observation of e*e— n*nh (1P)

BESIH s

= 60 = b
s E.n=4.26 GeV g o E.n=4.36 GeV
s O \ 3 S0
EF | E T
q 40 Q40—
B \ : '
30 , 1 30F }
C ' \ - \
201 | 1[ 20—
Xt I
107 (g A Miy 10F 1ok X {’ {
L e - = e T 7] ) I e il __._ 2 . o II X
. TR Y H niﬁ ki SRS i 2 7 {} NS I
|||||||||||||||||||||||||||||||||||||||||||| oo bvv o by b B b b v b by
05351 352 3.53 3.50 3.55 3.56 3.57 358 3.9 3.6 857351 352 3.53 3.54 3.55 3.56 3.57 3.58 3.59 3.6
M,x (GeV) M, (GeV)

N(h,)=416+28 N(h,)=357+25
Lum=827/pb Lum=544/pb
= 41.04+2.8+7.4 pb cB=52.3+3.7+9.2 pb
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BESIII: arXiv:1309.1896, PRL111, 242001



Observation of e*e— n*nh (1P)

90
80
70
60
S0
40
30
20
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- III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
10 4.00 4.05 4.10 4.15 4.20 4.25 4.30 4.35 4.40 4.45

Ecm(GeV)

Born cross section (pb)

o(e*e— n*nh,) ~ o(e*e— n*n-J/y) but line shape different
Local maximum ~ 4.23 GeV

Hint for a vector ccg hybrid? [PRD78, 056003 (Guo);
094504 (Dudek): cc in spin-singlet in hybrids!]



Comparison of e*e— n*nh, and n*nJ/y

- Open circles: Belle e*e— n*nd/y
S0 Jf Solid dots: BESIIl e*e— nrh,

60

% i o¢
Y 40:- L ** o+

20:_ o ++ B

g ACATATTAIIVE

42 43 44 45 28
Ecm (GeV)

Broad structure at high energy region? Need more data
at high energies to complete the line shape measurements



Structure in e*e— n*nh, ?

I + :
o [ PStY(4220). 710 1
g e L 1§ 60
B [
w40 445 40
© ©
20 | ) 120
0 L || L Lu.f' ! L 0 I

3.9 4 4.1 4. 2 4 3 44 45 46
Ecy (GeV)

Y(4290)+Y(4220): 4 56

1 L Ll L L1 -Ir1T Ll | Ll Ll Ll | T | Ll
3.9 4 41 42 43 44 45 46
Ecy (GeV)

Common sys. errors not included in these fits! (cf. arXiv:1310.2190)
Narrow structure at 4.22 GeVV? More data at around 4.22 GeV!
Broad structure at 4.29 GeVV? More data at above 4.4 GeV!

CZY: arXiv:1312.6399: fit to BESIlI and CLEOc data
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What are the Y states?

e - Between 4 and 4.7 GeV,
i at most 5 states
7 Y(4660)
] _ 2541, expected (3S, 2D, 4S,
-_ - n
o w(4415) ’ 3D, 5S), 7 observed
: Y(4360) : _ _
4300 y4060) o « Hybrids are expected in
3 Y - . .
4100 *, oo (4040) this mass region
O *e R 3
S 3900 e, »0 =22 e Molecular states?
% ) v (3770)
STO0F - RS e T e 3 « Cannot rule out
%l F)
e h. (1"P,) 2 %P threshold effect/FSI/...
3
_— %o (TP 1 e Y(4260), Y(4360),
Y (4660) are all narrow
T— Jhy (1°8) e
S1001 e 1'sy) and similar
20000 = 4=y o |+ wtrh,add complexit
0 1 1 c
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Z.. charged charmoniumlike states
Find a clear signature for exotic state!

© ®e

© 00

Decays to charmonium thus has a cc pair!
With electric charge thus has two more light quarks!
= N >4

Do searches in m=J/y, m*h (1P), m*@(2S), Ty, ...

quark =

BESIII: e*e- &> m*+exotics, p*+exotics, ... 30
p



e'e— n'nd/y at E_=4.26 GeV

525 pb-! data at 4.260 GeV

" BESIII: PRL110,252001
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BELLE

Events / 30 MeV/c?

Belle: PRL110,252002
« M?(nr) vs. M?(nd/y) for
4.15<M(nrd/y) <4.45 GeV

 (inset) Background events in
J/y-mass sidebands

e Structures both in nx and
nd/y systems

« 689 events in J/y signal
region, purity~80%

e*e— ntnd/y from ISR
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Events / 0.01 GeV/c?

1 00 __ —+— Data |
- y — Total fit
- ---- Background fit
80 --=- PHSP MC
60
40F ~
20

Z.(3900) observed in two experiments!

BESIII at 4.260 GeV: PRL110,252001

A et S =
3.9 4.0

I\/Imaj(?ciJ/w) (GeV/cd)

M = 3899.0+3.6+4.9 MeV
[' =46+10+20 MeV

307 £ 48 events

>80

3.7

Events / 0.02 GeV/c?

Belle with ISR: PRL110,252002

70F
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40F
30F
200 1¢
10/
E

—+— data
— Fit
— Background

---- PHSP MC

3. 3. 4 4.1
Max (/) (GeV/c?)

M = 3894.5+6.6+4.5 MeV
[ = 63+24+26 MeV
159 + 49 events
>5.20
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Counts/10 MeV

arXiv:1304.3036, PLB727, 366 (2013)
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Confirmed with CLEOc data!

CLEOc data at 4.17 GeV:

b

- ¢ Data M(Z(3900))=3884.6+4.6 MeV
— --- Phase Space
— Fit
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Events / 0.01 GeV/c?

100 -

What is Z.(3900)7

80 ook
60 -
401~ | sttt Tty

20 [%

Moy (TEJY) (GeV/c?)

DD* molecule?
Tetraquark state?
Threshold effect?

—4— Data
— Total fit
---= Background fit

- .= PHSP MC

3.7 3.8 3.9 4.0 : 0 @

Couples to cc

Has electric charge
At least 4-quarks
What is its nature?

Predictions and more
experimental information will be
essential to understand its nature.

=> A partner below/above Z2.? .
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. Dalitz plot of e*e'— m*h (1P)
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* Obvious structure around 4.02 GeV
 Hints of ZC(39OO) BESIII: PRL111, 242001

* ~1500 events in h, signal region at 4.230, 4.260
and 4.360 GeV, purity about 65% 36
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o(e*e> nZ.2>n*mh,) :
8.7£1.9+2.8+1.4 pb @ 4.230 GeV

7.4:1.7+2.1:1.2 pb @ 4.260 GeV
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e*e— nZ.(4020)->n*n"h (1P)

BESIIl: PRL111, 242001

Simultaneous fit to
4.23/4.26/4.36 GeV data,
16 n, decay modes. 8.9c

M(Z.(4020)) =
4022.9+0.8+2.7 MeV;
['(Z,(4020)) =
7.912.7+2.6 MeV
Close to D*D* threshold

Significance: 8.9¢ [Z.(4020)]
No significant Z,(3900) (2.1c) .



X. Y., Z particles are correlated!

What are they? Are they all molecules?

G| -~ [0y

38



Summary

There were lots of progress in charmonium and
charmoniumlike studies recently

BESIII started study of the XYZ particles
Observation of Y (4260)->yX(3872)

New information on the Y’s from BaBar and Belle.
Y (4660) confirmed, Y(4008) not confirmed; large
n*rh, production rate above 4.2 GeV

First confirmed exotic state with at least four quarks,
Z.(3900)*, at BESIII & Belle [close to M(DD*) ]

Observation of the Z_ at BESIII [close to M(D*D*)]
More study from BESIII, Bellell, Panda? 39



Thanks a lot!
1515 |

Vielen Dank!



Who can answer?

“Where Do They Come From?
What Are They?
Where Are They Going?”

41



PRL100, 142001

Belle observed Z(4430):-y(2S)mt i

= Found in g(2S)m* from B-yw(2S)1*K. Z parameters from fit to M(y(2S)11")
= Confirmed through Dalitz-plot analysis of B-yw(2S)m*K
= B-y(2S)m*K amplitude: coherent sum of Breit-Wigner contributions

* Models: all known K*-»Ktr* resonances only
all known K*-»>Km* and Z*->y(2S)* = favored by data
N ; ’ Significance: 6.40

50 | GELE

- 657M BB

40

-~ fit for model with K*'s only
- fit for model with K*’s and Z

o[

o M) (GeV)
Events / 0.18 GeVic*

20f

M2(w(2S)T)

M = 4433 1549 MeV

e T KM1430) || el e 86+74

: +
K*(890) Wik (Gev) M(x"y). Gevire® r 107 _43-53 |\/|eV
M2(KTT*) M2(p(2S)Tr) after K* veto

PRD80, 031104 (2009)

[cu][cd] tetraquark? neutral partner in @'Y expected
» D*D1(2420) molecule? should decay to D*D*mr 42



Spin-parity Of the Z( 4 430)i arXiv: 1306.4894

= B-y(2S)m*K amplitude: coherent sum of Breit-Wigner contributions

My’ ) < 19 GeVaic® 19 GeV3c* < M(y'm) < 20 & GeV2ic* My 1) > 20.5 GeV3ic? M(Kx) < 0.796 GeV/c®
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? BaBar doesn’t see a significant Z(4430)*
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w2S)T (GeV/cH)

8

“For the fit ...
& width values that are consistent with theirs,...

equivalent to the Belle analysis...we obtain mass

but only ~1.90

from zero; fixing mass and width increases this to only ~3.1G.”

BF(B'—Z"K)xBF(Z"—y(2S)1") < 3.1 x10-3

Belle PRL: (4.1+1.041.4)x10° 44




D
Belle observed Two Z*—)c11T*

= Dalitz-plot analysis of BO—xc1 K- X1 =»J/wy with 657M BB
= Dalitz plot models: known K*-~Ki1r only

K*s + one Z —»¥c11T*
PRD 78, 072004 (2008) | K*'5 + two Z* states = favored by data

Significance: 5.7c
-— fit for model with K*'s

23 . 40 .
: f s | - fit for double Z model
22 — 35 =
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BaBar doesn’t see significant Z*-x111*

PRD85, 052003 (2012)

B (B — Z,(4050) " K~) X B(Z,(4050) "

— )(Cl'77'+) < 1.8 X 10_5,

Bene (3'O+1.5—0.8+3.7-1.6)X10_5

B (B — Z,(4250)TK~) X B(Z,(4250)"
— )(Cl'77'+) < 4.0 X 10_5,

Be”e (4.O+2'3_0‘9+19'7_0.5)X10_5

4 1 1 1 1 4'5 1 1
m(Xci 7‘-) GéV/Cz

“We find that it is possible to obtain a
good description of our data without
the need for additional resonances in
the y ., m system.” 46




M(rnJiy)<[4.2, 4.4] GeV via ISR

548/fb at 10.58 GeV 2007/02/14 16
Peaks at 12 & 16 GeV?2? 1111
Shown at QWG'2011 | * |
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