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Qutline

XYZ = charmonium + light meson(s)

= X(3872) - molecular state?

= X(3915) - charmonia?

" Y(4140) & X(4350) - tetraquark states?
= 77(4430,4050,4250) - cannot be harmonia!

= Search for X/Y in Y(1S) radiative decays



Charmonium spectroscopy
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No big progress in last century! 3



neutral X and Y

XYZ states

Name | JPC | I'(MeV) Decay modes Experiments | interpretation
X(3872) | 1+ | <2.3 | nndhy, yJhy, DD*, ... | Belle/CDF/DO/BaBar | DD* molecule?
X(3940) | 0°* | ~37 | DD* (notDD, ©J/w) Belle n."(?)
Y(3940) | 27+ | ~30 ©J/ ¥ (not DD¥) Belle/BaBar
Y(4140) | ?7+| ~11 oJ/ v Belle cCcss?
X(4160) | 07+ | ~140 D*D* (not DD, DD*) Belle n."(?)
Y(4008) | 1- | ~220 nndhy Belle (not Babar)

Y(4260) | 1- | ~80 nndhy BaBar/CLEO/Belle | ccg hybrid?
X(4350) | ??*| ~13 vy, ¢J/ W Belle CCSs?
Y(4360) | 1- | ~75 g (2S) BaBar/Belle
Y(4660) | 1~ | ~50 | may(2S), A A, (?) Belle

charged Z
Z%(4430) | ??? | ~100 v(2S)m Belle (not Babar) 4-quark?
Z%(4050) | ??? | ~80 X 0 Belle 4-quark?
Z+(4250) | 277 | ~180 X . m=E Belle 4-quark?




X(3872)

first observed at Belle
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M(X(3872))=(3871.46+0.37+0.07) MeV
by combining two modes together



M(X(3872)) n*n-d/hy mode only

<M,>=3871.46 = 0.19 MeV

Belle

3871.46 + 0.37 + 0.07 MeV/c?
BaBar (BY)

3871.30 + 0.60 = 0.10 MeV/c?
BaBar (B°) | @
3868.60 + 1.20 = 0.20 MeV/c?

X(3872) Mass Measurements in J/ynr Mode |
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new Belle meas.
&

& new CDF meas

DO 1
3871.80 + 3.10 + 3.00 MeV/c?

|/ PRL103.152001.

CDF old
3871.30 £ 0.70 £ 0.40 MeV/c?

CDF new (preliminary)
3871.61+0.16 + 0.19 MeV/c?
average w/o new CDF result
3871.24 £ 0.29 MeV/c?
average with new CDF result
3871.46 + 0.19 MeV/c?
m(D%)+m(D*°) [PDG]
3871.81+ 0.36 MeV/c®

Mpo + My«

BES IIT can
improve on this
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Am(deuteron) = -2.2 MeV A

m

< -0.35 + 0.41 MeV’




Q{—B arXiv:0809.1224 605 fb-1
B->Kn X(3872)
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B(BY — X(3872)K*(892)%) x B(X(3872) — J/¢mta—) < 3.4 x107°
B(B® — X(3872) (K7 ) vg) x B(X(3872) — J/intr™) = (8.14£2.017]) x 1075

Bf(B>J/y K*0)/Bf(B>J/y Kny) ~ 4. Similar ratios for x.,, y(2S)!
Xis very different from other charmonia. 8



B — X(3872)(ﬁ*~ D*UDU)K
arXiv:0810.0358

=Fit with a phase-space
modulated BW convolved with
the mass-dependent Gaussian
(Can also use other
parameterizations to do the fit!)

=Simultaneous fit: 7.90.
M=3872.996  , MeV

' =3.9*27  ,MeV

= (Peak at D°D%* threshold is
from X(3872))7?

=X(3872) mass below or above
DODO*?
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X(3915)

first observed at Belle



A New peak in+ W20l /v |
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X(3915)—=J/@w in Yy fusion?
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Eyenl/ 10 MeVie?
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Events/10 MeV
o

O o’

M = 3929+51+2 MeV

| I, = 29+10+2 MeV
Hﬁ%ﬁ#ﬁ%ﬁ@ t| | Nsig = 64 + 18 evts

........
[T | ot L T e —

M: 3914 + 3 + 2 MeV,
[:23+10* 4 MeV,

N, =55+ 14 *2 |, evts

385 39 395 4 405 41 415 42 425 43

W (GeV)

12




I", partial width

I, B(oJhy) = 69 + 16 1] eV (JP=0")

I B(olhy)=21+4%2eV (IP=2%)

For comparison:
Z(3930): T, B(DD) = 180 + 50+30 eV

B(Y2 D>0T/Vy)
B(X.2>DD)

>0.08

/

If X(3915) = Z(3930) = %., =>

Huge for above-open-charm-threshold charmonium
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Could it be the Y(3930)?

B>K oJ/y

.. PRL94, 182002

PRL101, 082001

l a)B+ ]?

: : ] I J - X(3915):
A h WH@TH }\f "‘I\LLI 11 M: 3914 + 3+ 2 MeV,
— 231102, MeV,

J L
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M=3915 + 5 MeV
I'= 33 =+ 13 MeV
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States decaying into J/y¢

Evidence for Y(4140) and
a New Resonance at 4.35 GeV
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= 14+5 events, >3.8c

The CDF Y(4140)%(|)J/\V
= B+>Y(4140)K*

b

= Mass: 4143.0 = 2.9 * 12M-_
= Width: 11.7+8.3 . , + 3.7 MeV (It is narrow!)
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<2 Y(4140) not significant at Belle
= Belle: B—J/@oK with 772M BB

M{J /o) fit with Y(4140) parameters fixed

[but low effciency at J/wy¢ threshold]

- " CDF result :
Br(B —>Y(4140)K Y —>J /'//¢) Br(B+_>Y(414O)K+,Y—>J/t//¢)

<6x107° @90%C.L =(9.0£3.4£2.9)x10"

B'">J/y ¢ ;::+ 11:—75th ?.90) Teliminary
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D
Searched for Y(4140) in yy=2>¢Jd/y
e [ ]a}'él'ir'n'iriciriy? \‘}‘C;4
ﬂ H I I . “No Y (4140) °
= A few events accumulate

4 425 475 5 at4.35GeVin both
Q)J/w mass (GeV/c) i e
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|
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Jhy—>ee & up modes

25 W 825 fb t = Our upper limits disfavor
OF the scenario Y(4140)

1E being
5_ l H H a Ds** Ds*molecule with
05 U, I I » JPC=0**or 2**

A 4 05 45 4 75 5 [PRD80, 054019,2009]

° Entrigs/25 MeV/c® Entries/25 MeV/c’

0J/\wy mass (GeV/c )

JP=0": [, Br(Y(4140)) —¢J/y) <39eV @ 90% C.L.
P=2+ T Br(Y(4140)) —oJy) <5.7 eV @ 90% C.L.
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.$.=3.906, const. bkg
.$.=3.20, linear bkg

825 fb-1

N

Entries/25 MeV/c?
A

| =1, .M

42 44 46 48 5
M(oJ/y) (GeV/c?)

o

Fit to ¢J/vy Invariant mass

- unbinned maximum

likelihood method

- BW convoluted with

Double Gaussian
resolution function

- mass resolution is

5.5 MeV at 4.35 GeV

P=0": ", Br(X(4350)) —~dJ/y) =6.4"31 5 + 1.1 eV
=2+ T Br(X(4350)) —~¢J/y) =1.5707 . + 03 eV |
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aed Preliminary results (X(4350))
+ M(X(4350))=4350.6"46 . .+ 0.7 MeV/c2

o [=13.3%179,, + 4.1 MeV/c?
e Statistical significance: 3.2-3.9¢c

4418 X(4350)?
4353 4356 ~—— jﬁii
28 yor
- Excited P-wave charmonium?
Y (41402 4208 4195 - Tetraquark?  Fl. Stancu, arXiv: 0906.2485
g35 T4l -D*.D’, molecule at 4.34+0.09 GeV?

_ J.R.Zhang et al., arXiv:0905.4672
arXiv: 0906.2485

3995

SPECTRUM OF ccss

O—H— 1+— 1++

T+




Charged state Z*(4430) and more

Unambiguous tetraquark state?

21



Z(4430)=— y(2S) n *

Found in ¥ (2S) = * from B— v (2S) = *K, Z parameters from fit to

M(w (2S) = *) (NOT confirmed by Babar)

Confirmed through Dalitz-plot analysis of B— v (2S) = *K
B— v (2S) n *K amplitude: coherent sum of Breit-Wigner

contributions

Models: all known K*—=K = *resonances only
all known K*—=K n *and Z+— v (2S) = * = favored by data

M2(gp(2S)1*)

s0f

C Wmy) (GeV)
Events / 0.18 GeV/ic*

. Ko*(1430) .

60

Significance: 6.40

a0l
a0l
20f

10F

—-=—fit for model with K*'s only
—=—fit for model with K*'s and Z

M =4433"3"" MeV
=107 7377, MeV

M2(K1Tt)

KHBOQ) woem | %

M), Gevirct

M2(p(2S)1tt) after K* veto

PRD80, 031104 (2009)

[cu][cd] tetraquark? neutral partner in v’ n %expected
D*D1(2420) molecule? should decay to D*D* =

22



MZ(X01R+)

M(x,,m"), Gevic!

= Dalitz-plot analysis of B x ¢ n*K- x ¢ —J/ v v with 657M BB
= Dalitz plot models: known K*—~K 1 only

K¥s+oneZ — X m®

K*'s + two Z* states = favored by data

PRD 78, 072004 (2008)

23

Significance: 5.70

2
21 F
20 F

19 F

e % &
s L L z
s whe &
o e £ iy f,
R e x O T
— x y T ¥ E o, Q
- % . Sl O L
> - al ® = £ L P @
S Al iy e L 5
o i 2 e %
1 P ] - v o
i [ et i s - %
T & 55l god- fa g g o = ’
~ ] e A B0 g i 7 3 i - 5
- BB PR, e o® i § i
- [ x & L
1 A : ;
g ol =
» #e ¥ & A
g # .
¥

16"
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14"
C i A

T S— —— fit for model with K*'s
= —— fit for double Z model
3 B } 1 ——— Z1 contribution
fé ?2 |+ Z> contribution
i + My, =4051£147 MeV

4 i
_6 L1 ‘ L1

0 I, =82 o MeV

| |
3.8 4 42 44 46 48

1 1
15 2 25
MK nY), Gev et

M2(K-1t+)

13_III‘IQlIII|III|IIII|IIIII

M (x,, "), GeV/c?

M(Xc1T*)
for 1<M2(K'*)<1.75GeVT, =177 555 ° MeV
2

M 7, = 42483710 MeV
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Search for X/Y states In
Y(1S) radiative decays

24



NEW!

Entries/2 MeV/c?

Entries/(2 MeV/c?)

Y(1S)=> v X/IY

0( 5.8 b1 @ Y(1S) re
& 18b1@9.43GeV
\

3.8 4 4.2 4.4

M(r ) (GeVic?)

6

g.-..

M Jhy) (GeVic?)

® Except for the ISR produced v (2S), there
are only a few events scattered above the

v (2S) peak

® No events from J/ ¢ sidebands. But one
candidate around X(3872) mass region

@ B(Y(1S)> v X(3872))B(X(3872)> n * = -
J/v)<2.2x106

® There are two events scattered
above 3.6 GeV. One is at 3.67 GeV, the
other is at 4.23 GeV. The orresponding
31t masses are at 0.54 GeV and 1.04
GeV

® B(Y(1S)-> v X(3872))B(X(3872)
>ntn- 10)/y)<3.4x10°

® B(Y(1S)-=> vy X(3915))B(X(3915)=2> w
J/ v)<3.4x10°

® B(Y(1S)> v Y(4140))B(Y(4140)>

-6
¢ J/ w)<2.6x10 -



Events/10 MeV/c?

NEW!

Y(1S)=2> v X,/ n,

For comparison, we also studied:

FrorrrrrT rrrTTTT 3
E 58 fb1@ Y(1S)|res. 3 E
o o (@) 3
> 5F =
=
o 4
2 3
4
] 2
1 - - -
9.3 335 34 345 35 355 36 365 3.7
M(y Jiy) (GeVic?)
80
70

58fb1@ Y(#S) res.

——

2.8 29 3 3.1 3.2 3.3
M(charged tracks) (GeV/c?)

Ne 2?KsKT, K+K- JT+ JT-, 2(IT +7T-),
2(K+K-) and 3(3t +1t-)

Events/8 MeV/c?

_bl I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III_

9.3 335 34 345 35 355 36 365
M(y Jiy) (GeVic?)

7

eNo clear XcJ or n signal is observed
® B(Y(1S)> v X.7)<5.0x10*
® B(Y(1S)> v X.,)<1.5x10°
® B(Y(1S)> v X,,)<1.2x10°°

e B(Y(1S)> v n.)<6.4x10~

® The above upper limits do not
contradict with the calculation in

K.T.Chao et al.,hep-ph/0701009 ”



Summary of the talk

Many XYZ states were observed in XYZ = charmonium + light meson(s)

» They do NOT decay into open charm states although they are above
the charm pairs mass threshold: unusal for conventional
charmonia

"= Y(4140) is close to the thresholds: what about threshold effects?

= Some Masses ~ M(DD,) for Y(4260) , M(Ds**Ds*) for Y(4140):
molecules?

» Charged Z can not be accomodated within cc spectrum
* No single model can accomodate all XYZ states

* New charmonium-like spectroscopy at ~4GeV
= Waiting for related predictions from LQCD

27
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Lo

BELLE

X(3872)>ntn Iy

arXiv:0809.1224 605 fb-!

recent results

> oF Bf—oXK=* E 16 BO—>XKS Ng=27.6 £6.6
O " r -
T, C w 14 590
8 uf Ng=132 %15 I
S t 12.80 e
5 0 2
c
| ' ' ' ' ' . Loyl ' 84 385 386 3.87 3.88 3.89

03.82 3.83 3.84 3.85 3.86 3.87 3.88 389 39 3N

M(J/y 7in) (GeVic?) M(J/y nn) (GeVic?)

sM, = M(X from B")-M (X from B’) M(X(3872))=(3871.46+0.37+0.07) MeV
) by combining two modes together

=(0.18+0.89+0.26) MeV
B(B® - X (3872)K")
B(B* — X (3872)K%)
By assuming
B(B° — X(3872)K")=2B(B° — X (3872)K?)

=0.82+£0.22+0.05




B — X(3872)(— D**D%)K v 6051
s 12} OD*O(DOY)
arXiv:0810.0358 S 1oE .
s . X { 4
= Fit with a phase—-space °F ’
modulated BW convolved with the e o Tkt "J‘”q_
mass—dependent Gaussian (Can | T
also use other parameterizations e — —
to do the fit?) E O
0 0 + + 214 605fb-1
*B(B°—>XK?)/B(B*—>XK*)=1.26 S | o
+0.65 +0.06 sop [y DPT(E)
= Agree with t* 1t J/yw mode gof ||
(Peak at D°D%* threshold is from 6F-
=X(3872) mass below or above 238 TR S SRS SEEEE U i
DOD0*2 70 3874 3878 3882 3886 3890 3894
M(D*D) (MeVic?)
sample My (MeV/c?) T (MeV/c?) yield B (107%) T
D*0 — D% 3873.4 £ 1.0 427137 262120 0.87 £0.28 +0.10 440
D — D7° 3872.8 £0.7 3.1+ 220107 0.68 £ 0.26 £ 0.09 6.80
all (free D% /D" ratio) 3872.9 106 3917 50,6 H142 0.81 % 0.20 £ 0.10 7.90
all (fixed D/D"7° ratio) 3872.9 100 3.91%8 50.1 1178 0.80 4 0.20 £ 0.10 7.90
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Dalitz Formalism
Described by 6 variables: M(Kx), M(%1T), 0(%.1), ©(%.1), 0(3/v), o(I/y)

angular variableg( ©Xc1 , O3/l , ®Xe1 , d3/0 ) are integrated first
after integratign over ¢(ycl),|o(J/y) interference terms drop out.

> = M2(K™m), S,'= M2(m* ")
Binned likelihood fit (small bins, fully contained subset of 400x400)

Fit function  F(5,5,) =5(5e, 53) X(€(5e, sy)gi@(sm@\

Efficiency

AE sideband.

[Sv]

A

Signal component S(s,,5,) = |

~1,0

Yc helicity
Known Kz resonances (default sets):

K, K*(892), K*(1410), K*;(1430), K*,(1430), K*(1680), K*;(1780)
and one Z* = z*y,

1 _ (p_B)LB_( PR )LR
ﬂz_’[}%—SR—Z‘ﬂffler 5g mpg /SR

B meson and R resonance decay form-factors Angular part 31




Z., Z,, Signal Event Density
for Dalitz Fit

S(sz, S’y) =

Z )Z ax e AL (s, 59)+

A=—1.0.1 K*

zgz+ ] 2

Z dyo (6 a,}\ﬁ* fh( syl
AN=—1,0.1
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