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AND NEW STATES

that still can surprise us
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CLEO, 2005
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the properties are in a good agreement with
the potential model expectations
(mass, total width, yy-width)

Charmonium table below DD threshold is

complete!



Belle, 2003 The particle that starts new era 3 :

X(3872) — the first in “X”’ series, introduces a new particle S ol X(3872) ;

naming scheme: X, Y, Z ... =

Everything is surprising: - ]

@ observed in the decay B*—(J/yrm)K+* o L ! W

@ M, =(3872.0+0.6+0.5) MeV/c? in close vicinity of Besional i MZ ; ’;*;;"Zix( to) Gev
D? D™ threshold: N e S S am—

| 3845 Mev J. 3865 MeV |- 3885 MeV

M, - M+ = (<0.4 £ 0.7) MeV/c? (PDG’07)

@ well above DD threshold but narrow: ﬁi w |
['<2.3MeV at 90% C.L. g -
unnatural spin-parity? In this case )y transition 5 fjiwhm\
should be strong, not seen in the data. i
@ decay dynamics: M_, _tends to peak around limit AR NN ST
(J/y p? is isospin violating decay) aes0 ey I
5 |

- Phys.Rev.Lett. 91 262001 (2003) |
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Confirmed by CDF, D0, BaBar

2500- 3678 + 99 y(25) M(nr) > 500 MeVie
| Mass: 3685.67 + 0.08 (stat)zMeV/c 1400
e 0:3.41 £0.09 (stat) Mevie [ D@ Run |l Preliminary 110 pb'!
] 704 £ 67 Candidates 5 1200 Y(2S) t X(3872)
Mass: 3871.4 +0.7 (stat) MeV/c ¢

All m

o (Fixed): 4.3 MeVic’

Phys.Rev.D71, 071103 (2005
' .-I y ' ' l ' ! ' ' l ' ' ' '

ury

o

o

o
1

8001

Number of Candidates/ 5 MeV/c
o
o
LT

600

365 37 375 38 38 39 395 4
Mass of J/ yr'n Candidates [GeV/c ]

with significance

4001

Number of Candidates / 10 MeV/c?

200)-

> 100/ experiment o OfA(qu:c:)g:rr) = ?U?(Jhp) F(geVlcziD S
3.8 3.85 3.9 3.95
m(J/ymn) (GeV/cY)
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be attributed to experimental mistake . *2.50 Projection Around X(3872) _
[ X(3872) > J/y i* T e Data ~220 pb
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- I [ ] Prompt Background
w 10 = [ ] Long-Lived Background
In pp collision 16.1+4.9(stat.)£1.0(syst.)% £ |
of X are from B-decays, others are s E !
prompt (CDF). ° H T * H
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more information — more understanding? —zz=77
» X decays to J/y v, but very rarely (Belle 2004, BaBar 2006). —7|B(X > J/y 7 7))
This observation fixes Cy=+1, and confirms that in the X—J/ynr decay (wm)=p.

» X decays to J/wv @ with Br ~ Br (X—J/ynr), confirms isospin violation.
» Fit to M(mtrr) favours L=0 = Py= +1. 12 —

=0.19+0.07

» Angular analysis: 3
— Phys.Rev.Lett 98, 132002 (2007) =
Belle, 2004 E C lcos(8,,,)] < 0.6 |cos(®,,,)| > 0.6 2
CDF 5 2006 S 3000 — 22 ==
i 2 5 - 0.40 0.50 0.60 0.70 0.80
wq'“ x_prob. S Tcos(6::)| f 0.5 [lcos(0:-)] > 0.5 [icos(6 )] < 0.5 [lcos(ex)] > 0.5 M(z'T) (GeV)
1++ 27.8% N € 2500
\,,_ " P % - ’ Phys.Rev.Lett 96, 102002 (2006)
- . g C %o 2501 X(3872) - Jiyr't
1 0.02% | -2 B4 _ 3 v 'l'
p— 5 5.10-3 - L = . E|++ = 2000 —-Jnyp (L=1)
- ~ 1500__ $ ‘: 150  Multipole Expansions for cg:
1+- 3.8.10~° . — 2
B - T 100
27~ 3.8:1077° = 2
— — 1000 . . > 50
) 3.8-10 0 0.63 115 w2 0 0.63 115 n=/2 § 0 BB
— 2 4.10-3 0 063 115 /2 0 063115 n2
pyra 1 1.10-3 I | - X
1+ a1.10-¢ | JPC=1** corresponds to y,(2P,) if X-charmonium:
0+ 351077 | @ yx .'—J/yyshould be much stronger than x ,'—J/ynn
0+ =1-107* | (measured ratio ~ 0.2, expected ~ 30)
~1.10—20 .
o =1-10 ® ~ 100MeV/c? lighter than expected.

JP¢=2-+n_,(1'D,): is expected to decay into light hadrons rather than
into isospin violating mode.




- Voloshin-Okun JETP Lett. 23, 333 (1976): discuss

Options for X(3872)

existence of molecular-like states when m —oo

- De Rujula-Georgy-Glashow PRL, 38, 317 (1977)

apply to y(4040)
- the idea was abandoned for many years

- X(3872) enigmatic properties flashed back to the

early ideas: Close-Page; Voloshin; Swanson;
Tornqvist supposed that X(3872) is a

D'D* molecular state:
My ~ M0 + M+ is not accidental
JPC=1++ has been predicted (D’D* in S-wave)

Isospin violation has been expected:

Hydronic molecules and the charmonium atom
M. B. Voloshin and L. B. Okun’

Institute of Theoretical and Experimental Physics
(February 16, 1976)
Pis’'ma Zh. Eksp. Teor. Fiz. 23, No. 6, 369-372 (20 March 1976)

We consider the possible existence of levels in a system consisting of a charmed
particle and a charmed antiparticle; these levels result from exchange of ordinary
mesens (o,p,€,$, etc.). An interpretation of the resonances in e “e ~ annihilation in
the region 3.9-4.8 GeV is proposed.

Molecular Charmonium: A New Spectroscopy?*

A, De Riujula, Howard Georgi,T and S. L. Glashow
Lyman Labovatory of Physics, Havvard University, Cambridge, Massachusetis 02138
(Received 23 November 1976)

Recent data compel us to interpret several peaks in the cross section of e e* annihila-
tion into hadrons as being due to the production of four-quark molecules, i.e., resonane-
es between two charmed mesons, A rich spectroscopy of such states is predicted and
may be studied in e”e” annihilation,

xg €
D T [
YL po,..
=, u
o U
D% ¢

M-+ M=, is by A ~ 8 MeV higher; A >> ® = binding energy

Small X(3872) — J/y vy has been expected

Absolute winner by popularity: > 50% of theoretical papers consider molecular model

Other options:

Tetraquark (cq)(cq): predicts three states (cu)(cu), (cd)(cu), M. ~ Moo + M. s
X D D

(cd)(cd) with a few MeV mass splitting between them.

Hybrid (ccg) state.

is accidental?

Threshold cusp (not in contradiction to the molecular model)



Tetraquark hypothesis

Phys.Rev.D71, 031501 (2005) I

Predictions: “ ~ | - T 220l 5 ‘1' ™
#1 there should be charged E 2 1 ﬂ' * \' E )
X~(3872) —>J/yn-n° state =0 H H i ”1' |1 S | { H { _
, Z30fp T 1 20 { } | } -
No evidence 5 20] 1 B |
| 10k . ol

Isovector hypothesis is excluded ol , X,(387 2), ol X(3872)
38 385 39 3095 3.8 385 39 395
I M(J/y/ﬂ'_ﬂo) ie 1||-'r.l'l'l:_-} M(J/l//ﬂ_ﬂo) [{iﬁilr'r.l'lﬂ_}

#2 the X-states produced in B’ and B+ are different and should have different masses

L]
.O

Ld
[}

Events / { 0.0025 )
Events / { 0.0025 )

0382 383 3.84 3.86 3.86 3.87 380 3.89 39 391 k: 85 3.86 3.87 3.88 3.89 19 3.1
My moe)-A By }+-3,.09694 6 (GeVich) M{My o) -M{ Wy )+3.096916 (GeVic?)

AM, = M(X from B*) — M(X from B?) = (0.22%0.90%0.27)MeV/c?
» No mass splitting

Br(B'—X(3872)K")/Br(B*—X(3872)K*) =0.94%+0.24%0.10
® equal BR for neutral and charged B, is this a big problem for molecular model? Pure molecular
models predicts this ratio ~ 1/10. DD*-molecule should mix with charmonium.




Decay to DD’

Looking for B -XK , X—D'D’ (may be D'D™ - it is difficult to resolve due to tight phase space)

Belle 2006 BaBar 2007 Also seen X—DDly
o Phys.Rev.Lett. 97, 162002 (2006) _ Allmodes  ppuc Rev.D77, 011102 (2008)
T 2 25| g
a0 F Y E
E ‘E mj:
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EF._‘ 10
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5 |:I 7 o] : (L4 ! :
T i T T P 08 385 35 305 a4 Ao Il A iz
0 0.0255 0.051 0.0765 .
M(D’D°70)-2M(D")-M(7°)  (GeV/c?) M(D’D™) (GeV/c?)
M=(3875.4+0.7+1-2_ 50 MeV/c2 M=(3875.2+1.1+0.5) MeV/c2

Good agreement between Belle & BaBar, ...but 46 from M(X—J/ynw) peak

Is this a new state, different from X(3872)?

If X(3872) is virtual (rather than bound) state this observation is not surprising.

Such model expects Flatte-like coupled channel effect: Hanhart, Kalashnikova, Kudryavtsev,
@ X— DD — peak shifted by few MeV off 1\/[])0 + 1\/[])*0 Nefediev Phys.Rev.D71, 034007 (2007)

@ X—J/ Y7 — the DD* threshold cusp with a sharp maximum at Mo + M=o



Belle, 2004 .
BaBar, 2007 One more mysterious state, Y (3940)

Phys.Rev.Lett. 94, 182002 (2005) %m N arXiv:0711.2047 7
ag | BF=2YKLE Y= )iy o <o e T 1 &« B ﬂ" .
u BELLE A ! | },}— B "'F-T_JL } §

[ M=3943+11+13MeV 5 [ { l_}___[...--}f{f RN
N3 I, =87+22+26MeV w of—1H
} : T oL B'—YK. I i

B . = 400 — =

1o | * { { } ): = / J, l» l l l .
- } { - £ 200~ % 1 =
JRTSELAL BT S vl

m O 1
:I | 1 1 1 I |+ 1 1 I 1 ] [ l l ]

3880 4080 25 . aE
My ) (GeV) o 5_ - M=3914.6 +3 8 11.9MeV
BB-YKXB(Y-Jyo)=(71:1.358.)x10% ¥ f Fio=33 5 £5MeV
bl A T T
The state is well above both DD and DD* ] e I -
% e 3.8 4 4. 2 4 4 4.E 4.8
thresholds. At least decay to DD is allowed MOy @) (GeV)

for charmonim. Why it is observed in -

hadronic transition to charmonium? —
The new BaBar measurement slightly reduces the mystery:
the width is smaller and the state is closer to DD* threshold.

More experimental information (Y—DD*; angular analysis) is required



5 , o . D
elle, 2006 X, in Yy production S

Observed as a peak at M;,~3.930 GeV/c?in selected vy events
p, distribution consistent with yy production

Helicity distribution favors spin = 2

while J=0 disfavored
Phys.Rev.Lett. 96, 082003 (2006)
;‘ n 1 p

% ' ~— 10 |
= L o Lo | —o-
= | B e E
W 8 { ~
= | o -
L 4 :_ ———————————

“F 2 B oy | 9

ot ﬂﬂr. i

] D o 0.2 0.4 0.6 0.8 1

1 2 1l
3.7 3.8 3.9 4 4.1 4.2

M(DD) (GeV/c2 |cos 07|
(2] +1)1"W x B(Z—DD)=(1.1310.30)keV

Production mechanism, helicity distribution and measured Yy width unambigously
indicate that the observed state is )(,’;
However, the mass is ~80-100 MeV lighter than expected by potential models



B e 0 New states in ete~ — J/Ay DD

® 0P

Phys.Rev.Lett. 98, 082001 (2007), arXiv:0708.3812
]

=]
o

M = 3942 */+6 MeV

Lo =37 ¥4 £12 MeV

X(3940) — DD’

N/25 MeV/q-

20 —

i
o

N/20 MeV/c?

20 10—

M= 4156755 +15 MeV

Tt = 139%1 1421 MeV

X(4160) — D'D*

N/50 MeVicq
[

o : N _ i Halle
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.

M,... (Jw D) GeVie®  of
Two new states observed, both decay at open o s =%
charm final states like “normal’ charmonium. M(D D) GeV/c®

Possible assignments are 1.(3S) and 1_(4S). But in both cases the masses predicted by the
potential models are ~100-150 MeV higher than observed.

Theory probably needs more elaborated model to take into account charmonium couplimg
to charmed meson pairs.



BaBar 2005, CLEO, Belle, 2006

Phys.Rev.Lett. 95, 142001 (2005)
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Phys.Rev.D74, 091104 (2006)
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Another enigmatic particle(s)
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New state? Phys.Rev.Lett.99, 182004(2007) (&
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/
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BaB 007, Belle 2007
e e More states?

Y (4320)—y(2S)nn

Phys.Rev.Lett. 99, 142002 (2007)

---6

[ T T T T T T T
Y3200 ’D;
mfhys.Rev.Lett. 98, 212001 (2007) “,15} consistent ; eyl
o [T T T T -N L LU 1 ~= L o :'. d
'g - y: i % : Wlth BaBar Y(4660) :
2 o 2T a } I . NEW(580) |
20 i | ”: 1ot \ ' -7 ]
Hi nor HY AW 1 - 7 .
- - A 8 Rl |I LB i e e e L R Y SR Y yid |
s & 3 35 : | @ - H
L m(2(mt )l (GeVich) | = 5 o
- H L I = g .
- ‘.I ”___..--" ---- - LIJ B . l. I
T T i - A e sl
O m e e R R 0 gl ISt oS b o L TR T
4 5 6 7 B 4 4 5 .3

m(2(rm)I ) (GeV/id)

5
M(m* 7 w(2S)) (GeV/c?)
m(Y) =(4361£9+9) MeV/c’
[(Y) = (74+15+10) MeV
(Y ) = (4664+ 11+ 5) MeV/c?
L [(Y)=(48+15+3) MeV

m(Y) = (4324 +24) MeV/c’
I'(Y)=(172+33) MeV

Different structure # Y(4260)

a statistically insignificant excess in &
the Y(4660) region in BaBar analysis



e*e —>J/\|f7t+7t & ete” = Y(2S)mtnT

+ . ++ 0t +|J- b, +.& P40, *

E._(GeV)

5

55

Peak positions in M(J/yrrn) &
M(y(2S)rtr) significanctly different.

There is no place in the 1=~ charmonium
spectrum even for one state...

Options for Y states:

® Threshold effect; note of D_D_, threshold

at 4280 MeV;
® Tetraquark;

s s0

e Hybrid (ccg); note that hybrid states are
expected by LQCD calculations in region

4.2-5 GeV.
25+1 1 3 1 3 3 3 3 1 3
T T T T T T T T T N‘
12 - . 0"
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7 L nC —— ]
experiment
— ] 125
6 B — DD _—
CP-PACS —=—
5F Columbia —e— 1 2
| — glueballs m—
4 1 1 1 1 1 1 1 1 I 1 I I 15
JPC o 4T 4T ot 4t ot ot o7 37 3™ 3*exotic



Inclusive cross section around 4 GeV

vc Crystal Ball
' » BES

? | I | | | I | Al | | | | | | | | | | | | _
JX’L.-DW ¥(25) PDG 2006 | 1
Mark-1 —
Mark-1 + LGW ! .
Mark-11 -
e PLUTO | ]
& DASP | ]
I —
I L1
ﬁ |

A
I
|
U‘I"II"'II"

Although y(3770), w(4040), v(4160), y(4415) are know for more 25 years, their
parameters M, I', ' are quite uncertain:

 To fix the parameters we need to know their decays channels (to take into account
their interference: if two states decays into the same final state they should interfere, if
into different final states their contribution are incoherent)

 How to take into account non-resonance contribution?

e How to take into account many DD thresholds?



BES-II 2007

New fit to the inclusive spectrum

55 arXiv:0705.4500 — _
sof ¥(3770) = DD;
ast %ﬂ 1(4040) = DD,D*D*,DD*, DD*,D.D,;
40 ! _ ] _ _ _ _ _
as [ 1 E}]‘{lﬁq H]TL‘I ____]__,.__1 ¥(4160) = DD, D*D*. DD*, DD*,D.D,, D.,D?;
wr # hl{l‘ﬂ‘ L s A e P(4415) = DD . D*D*. DD*. DD*, D_.D,, DSD:,D:D:,
5L I:I:gi':f T —R,. .
e oz [T _ - R,
15 L I::L‘ Rres RBW+Rint '''''' R
: AN —— R, Resonance parameters
0 i ﬂ\ : - i L R
0s ‘IIJIL / . f .11._.._ wj \\-,- ) Y(3T70) {4040 ¥(4160) W(4415)
0.0 R PDG2004 3760.9+25 | 4040410 | 4159420 441546
08 | K I'i.,_,,."'f‘- PDC2006 7711424 | 4039410 | 415343 442144
10 L slg::.iln SYRTvEIYS 4’:-;5 P PRFTErTET—— M CB(Seth) . 403742 415144 442546
S e N iIMeV/en BES(Sethi = 404041 4165+5 445546
: Ecm(GeV) . el il Bl el ===
s N BES(this work) | 3771.3+1.7 | 40427458 | 4193.246.7 | 4417.249.1 ||
Resonance shapes Interference term PDG2004 23.64+2.7 52:+10) T8+20 43+15
PDC2006 23.042.7 80410 10348 62420
. . . CB(Seth) . 85410 107410 119416
The interference is taken into account | v, | megsan | _ - — L _sese_ | aois | seas L
for the first time (model dependent) BES{this work) | 200403 | S89ri2d | T8gH6L ) S |l
¢ . . . . PDC2004 0.26+0.04 | 0.7540.15 | 0.77+023 | 0.47+0.10
Significant difference with fit without -
. PDC2006 0.24+0.03 | 0.86+0.08 | 0.83+£0.07 | 0.58+£0.07
interference I.. CB(Seth) - 0.88+0.11 | 083008 | 0.72+0.11
(keV) BES(Seth) . 0014013 | 0844013 | 0.64+0.23
I BES(this work) | 0:1920.04 | 0.04%0.19 | 050£028 | 040015 |,

di degree)

135458

306440

24T+TE

Need to measure exclusive cross sections ete—D®D® for model independent fit



Belle 2006, CLEO 2007
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Exclusive ete —D®D”* cross-sections
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Phys.Rev.Lett. 98, 092001 (2007)

B} —
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2F 15 from CLEOc¢
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3o Iy
1_ { . L | .5.*.‘*."#"."""’:1*",'1-!',-',"'_.&5
3.8 4.2 4.4 4.6 4.8 5
hlrcc(-q{ igl--} GEV/ CZ

o (nb)

o (nb)

12

10

D(“‘)D*

Y (4260) signal
DD* : hint, but not significant
D'D*: clear dip

: — : arXiv: 0801.3418
- W(4160) DD*
- BERE S
- i N W |
- | w4040
E % DD*
- Y(4260) | |
e e e I
om (GOV)



Phys.Rev. D76, 111105 (2007)
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A broad structure around 3.9 GeV

(seen by BaBar and Belle) in a qualitive
agreement with a coupled-channel model

Phys. Rev. D21, 203 (1980)

Exclusive ete " —DD cross-sections
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—_—

arXiv: 0801.3418
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— Phys.Rev.D77, 011103 (2008)
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+ : i)
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D o
Wervatwn of the decay y(4415)—DDn
---6
,/m M = 4411 7 MeV
e--- —— - I, = 7720 MeV
state N,,= 109+ 25

™ 2.7 C 4 g £
ST E . =30 ]l 30 &
:*'12.5 = » - sy, o C 20 =
A0 Q20 [ g
q24 P ﬁc 1=k Jf 10 |
=93 f_-. . ;;: 10 - + + Jf 0 = | =
IR it N +++ \ il
22222324252627 02223242526 27 30 _DDﬂ:nonDD (2460)
M(D°m"), GeV/c® M(DT"), GeV/c® 20 -
c M(Drt) vs M(D'T) 10 F
20 |- }l =
Q L] 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
% ]l from y(4415) region 4 4.2 4.4 4.6 1.8 5
10 - | + Positive interference MD'D), GeV/e
it 1
T T T b

AT YEYEY T Non D*,(2460) contribution is not seen

M(D"n"), GeV/c
c(ete—Y(4415))xBr(y(4415)—>DD",(2460))xBr(D*,(2460) —Dm)=(0.74+0.17+0.07)nb
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Contributions to the 1ncluswe Cross- sectlon
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New charmonium /charmonium-like states:

Two new states below open charm threshold, h_ and 1 (2S), are well identified
and well fit the potential model predictions.

Three new states, ¥ ,(2P), X(3940), X(4160), behave like a ‘“‘normal”
charmonium, but all three are significantly lighter than expected by potential
models.

The state X(3872) is very probably to be a D’D™ molecular state with a mixture
of x.,(1P), x.,(2P). At least this explanation is self consistent and no better one is
suggested.

The state Y(3940) has a surprising decay mode, may be a “normal” charmonium
— experimental information is still poor.

Four Y states in 17~ spectrum are the most problematic: no place in the standard
charmonium table. LQCD calculations expect hybrids in this mass region.

A lot of experimental information on the exclusive cross sections etfe =D D
related to the knowm v states above DD threshold and new Y’s.

More about new charmonium(botommonium) states in the next talk.



Can the charmonium table accomodate the new states?
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