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Predictions for conventional charmonia

4600

3D —_
[ Ei 1"|c(:|-s) = 1150
44001 J/v = 1351
4200 2D, 2'D;2’D;2 D 3 xaa(1P) = 13PJ
31501 38, ].E_Fz llﬁ I'F; E

400(]'_ _21_1’123P23_P21P2 Theory described well the
% _ _______ 130 ) ) T observed spectrum of cc
Saswf =, ~_ states —

%360 The charmonium system is
: Lk ideal place to search for
3400 exotic states = deviations from
A conventional charmonium

' spectroscopy.
3000:

- |{Until the B-factories —
-8 3™e”  Ino evidence for such deviations
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Luminosity at B factories

(fb")

2000 ——————————

| [—«kexB : | i
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~100 b~

1500

T

1000

~ 550 fb™!
1 On resonance:
| Y(4S): 433 b7
Y(3S): 30 b!
{ Y(2S): 14!

I j 1 Off resonance:
ol ™ L] Offresoe
1998/1 2000/1 2002/1 2004/1 2006/1 200871 2010/1 2012/1

500

In sum L >1552 fb-!

For 9 years the B-factories (and Tevatron) have observed a
number of states that do not admit a conventional quarkonium
interpretation.

These states could be made of more than 2 quarks.
So, unworried heavy quarkonium picture is broken!




New cc-like states A number of
. unexpected exotic
Fs states above DD (*)
o thresholds that do
not f£fit into
available cc slots

e
=
=

——————————————————————————————— State M, MeV T, MeV JEC Process
------- X (3872) 3871524020 13+0.6 17T/27F B— K(xTn~J/y)
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---------------------------------- B = K(wJ/v)
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= — X (3915) 30156431 28410  0/27 B — K(wJ/v)

Mass {((zeV)
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=
=

ol
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1y — (wJ/Y)
X (3940) 394277 37+l 774 ete™ — J/u(DD*)
ete” = J ()
Y (4008) 4008112 226 1 97 17~ ete” = q(xTa J/Y)
71 (4050)T 405172 822l 2 B — K(xTx.1(1P))
Y {4140y 4143.4 £ 3.0 157 771 B — K(¢J/v)
X (4160) 4156757 13975,° 77t eTe™ = J/b(DDY)
Zo(aap0)t.  a2astP 1774 ? B - K(ntx(1P))
Y (4260) 4263415 108 + 14 1 ele — 7 f,;rr{' m J/)
e — (T I/
I T T TR N N - __‘(‘NUFU';;:;J,)"
0~ 17" 1t ot 1t gt 9=t 9= g7 gt gt gt Y (4360) 4353411 96442 1" ete™ = y(rtr o)
Zamof o wsfy o 0rlhP ? B — K(rtu(25))
JFC X (4630) 46347 1 92141 17~ ete™ 5 q(ATA])

Y (4660) 4664 + 12 48 + 15 1 efe” —y(nTnv(25) 4




Charmonium (-like) production at B-factories

From B-decays, e.g. B*—>X(3872)K?

In double charmonium production,
e.qg. ete™>J/¥ X (3940)

In vyy fusion,
e.g. Yy—Nn.(2S) or yy—>Z(3930)

In radiative return, e.q.
ete™> v;:Y (4260)>J/¢ ntn-




Exotic heavy quarkonium hadron:
WHAT COULD IT BE!?

HYBRID

MOLECULE

Bound state of two mesons

“ Lost
regular heavy
quarkonium

4-QUARKS

Bound state made of
QQ and excited gluon field

"""
It
. want .
‘l"
&
X
X
-
:
K
. .
. \,
v/ ~
s
¢
. x

Bound quark pair neutralizing its
color with bound antiquark pair

Heavy quarkonia embedded
into light mesons without
rearrengement of quarks

For the references and review see: N.Brambilla et al., Eur.Phys.J. C71 (2011) 1534 | EJ




Unanticipated X(3872)

300

200

100

D

DO}

BELLE

2003 B"‘—) 7t+7t- J/\|1 K"'

_ S K Ch0| et aI PRL 91 26200

’,d
o
-
-
o
S
-
S
o
ey
-
o
-

o
-
o
-

O“
0

Iunf—“I'Ijlu TR SR T RN TR SR N N B

I

0.40

0.60 0.80 1.00 1.20

Cyre: buteQ byte VAN |

fg'-! *t' ;
‘.‘. ",‘
- Ll ‘4‘..

R Y
N1 ,". ]

':"' 7 »;-."", ? '
4 B 7T R/
LA

1st striking feature:

e narrow width of X(3872)
(above DD threshold!)
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Events /( 0.004 GeV )
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[ref. arXiv:1112.5310] E




X(3872) precision mass measurement

Rl

CDF I

Rl

BaBar B e |

b TR

BaBar B’ It | B

e

Do |t

. ! | ! | ! | !

Belle (arXiv:1107.0163) | i i i |

T

LHCh (arXiv11123310) | | §  § | | F4 |

Newaverage3871.66:018) | 1 1 1 1 @l

woyoy | LD R
IIIIIIliIIIIilllIillllillllillllillll

3867 3868 3860 3870 3871 3872 3873 3874

2"d intriguing feature:

e proximity of
DOD*0 threshold

Rﬂau}msﬂ"{'ﬂw‘ﬂBinding energy is small

M(X(3872)-(M(D°)+M(D*°))=
-0.12+0.35 MeV

and D-mesons are
very far apart 1n space-
why decays to J/yrn'n” ?EEJ




X(3872): isosinglet or a member of the triplet?

Search for a charged partnerof X in X*=> p*J/y

Belle: PRD 84 052004 Phys.Rev.D71, 031501 (2005)
3 | Ssol® * % 208
o Lo 1 =
S 1 2 () H \ * { | 2 ‘ Mo
2 MR ANl ISSEUIR | : 1 z10 | !
g ’”f.. MI .*.lé‘L ?20- . .-"_:
| -/t .’r‘. | . 1| = 10'_ X(3872)" ) % : X(3872) _
T! . ‘ l . 0- I . |_. I . I ' I |. I . |_. l . l
- 3.86 3.88 3.9 3.92 ) g
M(J/y 7r) (GeV) MUhyma®) 110 (GeV/e) MUhm=) 10) (GeV/e)

Null result! = X has no charged partners




M(n*tn) in X(3872)->J/yp ntn

1 E I I I | I I I | I I I | I I I

E_

E hep-ex/0505038

gd‘.[:] i :'."alh.u-.laliﬂ'-'l]l.'l-ilili'ii-'-"li .:l"i.l:-;.l:-.u'.--'
Look Ik DT Ty
O0OKS 1] e p TT ’n f;'i?{e',%z)
is +1

J/v pinS or P wave would indicate P-parity +1 or -1
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M(n*n) in X(3872)->J/w ntn- decay

. PRD 84, 052004 (201 |
COFN J60ph” PRLO9S,132002(2007 i (2011)

- ] -] —— L=0

g 250 X[3872) ~ diyn's 1[ e I —

o —__l_i1_| P ||_:I:|| = Hﬂf—
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™ {&[|-Multipols Expansions for oF: E E interference

2 5, o u-
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~ 50+ w 10=
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* O A 02 0kt 00 065 0.7 075 08
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04 0h , 0.6 M(zn) (GeV)
nx Mass [GeVic]

Dipion mass is really consistent with p°

:> C=+1 but cannot now distinguish Jhy pin Sor P Wave
(P=+1or-1)

‘= Isospin violation if X is ordinary cc



Events/ 9.5 MeV/c?

20 hep-ex/0505037 X(3872) - J/IP Y
£ .
L% = ] | “. ’ t . . .
0 C Observation of radiative decay
73 5en ultimately established C=+1
M{wdiy) (MeV)
PRL 107,021803 (2011)
30F
25:_ ‘f.;' — 4.90_
TR R (2009) Radiative decay
20— ! z mode also
150 c indicates on
P il g the presence of cc
10 T :......:: ......... | ILTIT %1 ! component in X
51 CTT z | ' wave function !!
076 38 385 _ 38 395 4 Coaeakooabeeoui

M, . (GeVic)

Belle: B(BT™ — KTX) x B(X — J/#v)=(1.8+£0.5) x 107°
BaBar: (2.8+0.8)x10-¢




Angular analysis in X(3872)-J/yp ntn- decay

CDF PRL 98, 132002 (2007)

450; |cos(6,,,)| < 0.6 |cos(6,,,)| > 0.6 CDF Run Il

Q 4003("05(6:& :n:)l Icos(en n)l Icos(en :n:)l Icos(e:n: n)l L I~ 780 pb-1
E [ <05 >0.5 <0.5 >0.5
= 3500 =
S T X(3872) =
c 3000 « data poi =
r-l: ata points >
; 250 1 + =
S ook — — B acc. corrected =
> F == prediction for =
N 150F ' ot =
ok [ 1 L 0, e
® 100 1-" T
X - - s A

50— ++ o

C - 1P @
OF—+— — e — -+ T == oo v
0 0.63 1.15 =2 0 0.63 1.15 n/2 —2% T M e T T T ey T T
0 063 1.15 =2 0 0.63 1.15 n/2
|[A @ - x| - n/2| 2* has higher ¥? and fewer dof than 1+

CDF and Belle: conclusion is the same:

Angular analysis chooses JPt=1**
but 2t not ruled out at current statistics

But remember aboutf rad.decay, JPC=2-+ state would have to undergo a high-order multipole transition
- strongly suppressed + B->K cc (J=2) suppressed = 1++ favourable EJ




List of remaining information on X(3872):

e Belle & BaBar: Br(X -2 J/y o)/Br(X 2 J/yn+1-)=0.8510.26 -
Isospin violation

® Belle & BaBar: Br(X2J/yn+n-)/Br(X>D*°D% ~ 0.1 - Xis related to D*°DO system

® CDF: Production properties of prompt X are very similar to those
of the y(2S):; only 16% from B-mesons — How could it be for such
a fragile object as molecular-type X(3872)?

R
]0 Belle: the X from B° and B+ is the same particle,
[AM(X) -0.6910.97+0.19 MeV  — disfavors tetraquark model =

® Belle new result:
No evidence for C=-1 partner of X in X5y , y or
X—> J/y n - disfavors tetraquark model

® Belle:
Br(B—>X K*%)/Br(B— X (Kn)\r)<0.5 at 90% CL -
in contrast with ratios closer to 3 for known conventional cc G




Plausible option for X(3872): a mixture of

*

‘peripheral’ part ‘core’ part
dominant at large distance localized at short distance,
e.g. 23P,+'others'..

/\
N\

. Production of X
Isospin mixed

pionic transitions

One or other part may be important in specific processes

0711.4536

M.B.Valashin,




X,Y,Z at ~ 3940 MeV/c?

30—
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Different decay modes
and/or production processes
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y(2S) n'n” Y States in ISR, J¥C=1"

N§ | ' " PRL 98, 212001 (2007) - 2-BW fit with e.l PRL 99, 142002 (2007)
% ' IY(4360)—»\|;(28)m: - §1 5 :'interference '
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No signal in D(*)D (%),

too large partial widths to cc and e C 0 T W '_+_ 5 S B 'J'/‘ Tt B
: : . : = = (2S)— Wyt 3
light mesons — inconsistent with 2 sE | Dt‘fackgmunc‘l' E
conventional charmonium ﬁ 2 16E E
2 14fE E
..and problem with the \ 2 12E BABAR =
absence of = PRELIMIN/}RY—;
8 i -
vacant J'=1- "cc states 6E- 520 fb E
4_5*_— : 1

v Charmonium hybrids (LQCD expect ~ 4.2 GeV) (-JJ[LL ~ioitdtt o gl

v Hadro-charmonium ' | - i w(2S)t ) (Ge Vi)
v Multiquark states ([cq][cq] tetraquark) D
19




Charged Charmonium-like States at Belle
or so charming exotics

High Tatras Aature: Leontopodium alpinum




Charged Charmonium-like States 17(4430)* at Belle
y(2S)nt
BY— Ty (2S) K PRL 100, 142001 (2008)

.
"""

+<— Veto 38 4.05 43 455 48

a 0.5I = 1 — ILSI = I2 2.5 3 M[‘JI_ l} -I:GEI'IHDZ}I

Fit: S-wave Breit-Wigner + _w o

Background with kinematic thresholds Total significance: 0.§ O
M = (4433%4+1) MeV

Cross-checks: [= (44*17_ %30 ) MeV

Z(4430)* is present in both v’ subsamples
(4430)"Is p v g Br (BYKZ)x Br (ZDvy (28) 1) =

This Z+ has no chance to be (4.1+1.0%1.3) ‘105
a pure cc (unlike neutral XY

E




New charged Z's decaying into nt*y;

BO _) Tc+xc1 K'

PRD 78, 072004 (2008)

No discrimination between J=0or 1

40 ey »)
35 Qgg 8t M, = (4051 = 14*3)) MeV/c?,
o~ - . _ (R +21447)
) _ g = (8274;255) MeV,
S 30 e ﬁ
3 - M, = (42487 3,73%) MeV/¢?,
< 22F [, = (177+5+316) MeV,
S - 2 :
Q il
o 20 - with the product branching fractions of
% 15 | L BB =K~ Z})X B(Z} =7 x,0)=(3.01 13437 x 1075,
I 10F | L |-_|T BB — K23 ) X BZ} = 7" o) = (407234197 x 1075
I AL
S :_'TT {.T]I.T are the same order as
o DR AR l-"l"'f“l O ‘I.-lll."!"j"-L-'l-.l...l.‘J;.. obtained for

3,

(o))

38 4 42 44 46 48  other, possibly
* tic X,Y,Z states.
M (x. "), GeVic? exotic states



Events / 0.18 GeV%/c*

60

Updated parameters of Z(4430)*
from the Dalitz plot fit

50 |

Belle confirms the original
result on Z(4430)*

M = (4443715110 MeV /2
I'= (10975527) MeV

= (32505517%) x 1077




Comparison with BaBar (arXiv:0811.0564)

BaBar paper: Belle and BaBar data are statistically consistent.
< peak in M(1Tty’) is present also in BaBar data with similar to Belle shape:

305—Be”e 305— BaBar

/10 MeV/c¢

Events / 0.01 GeV/c?
Events / 0.01 GeV/c?

M(z*y’), GeV/c? M(r*y’), GeV/c?

Why different significances are reported? (6.40 Belle vs. 1.9-3.10 BaBar)

< assumption about background is crucial.




New charged Z's decaying into nt*y;

k*comparison with the result from BaBar

PRD 78, 072004 (2008)

40 gy »
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the peaks in n*y' and ©*y,; masses are not due to the reflections

- Belle remains confident that their analysis is sound and
, ‘ from the dynamics in Kn system

Interpretation of Z*

A variety of interpretations

Charged, I=1 (not a complete list..):
Cannot be - D*D, molecular state
a conventional (X. Liu and Y.R. Liu, 0711.0494);

charmonium or

hybrid state - radially excited tetraquark

(L.Maiani, A.D.Polosa, V.Riquer,
0708.3997) ;

Should contain
light quarks

in addition to cc ]
- hadro-charmonium

(S.Dubinskiy,M.B.Voloshin,0803.2224)




Recently observed conventional bottomonium
Xu(3P)

sk T11020) Spin-averaged M[xb(3P)] | x,(3P) —> Y(1,2S)y — pu*uwy

B TIIIDEEEH [ATLAS PRL108,152001(2012)]
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o[bb] / co[uu]

R, =

Anomalous production of Y(nS)zx*nr~ from Y(5S)

o
o
—r
no

¢ Y(ISpm
B Y(2S)x
A Y(3S)

............................

108 1085 109 1095 11  11.05
\s (GeV)

0.1

energy scan

e\ A

10.75

1105
\s(GeV)

08 108 108 1085
shapes of R,, and

o(Yrmr) are different at 2c

at Belle
T(59) — Y(1S)rtx~ 0.59£0.04 4 0.09
YT(59) = Y(2S)rTn~ 0.8540.0740.16
Y(55) = Y(39)rTr~  0.527)72 +0.10
T(2S) — T(1S)nTn~ 0.0060
T(39) = Y(1S)rTn~ 0.0009
T(4S9) = T(AS)ntr~ 0.0019

[Y(5S) »>Y(1,2,3S) n*n"] >>17[Y(4,3,2S) > Y(1S) n*n~

— =

Remember Y(4260) with anomalous I'(J/y nn*r) -
analogue Yy, close to Y(5S) ?

CLEO observed e*e" — h.n*n~ @ E,,=4170MeV
— Motivation to search for h, at Y(5S)

E




Search for and observation of h, and h," at Belle

T +
h b(nP)
tructed
ete” — Y(55) > hy(nP) T'n < C—) TR
TC
“Missing mass” = V(P,,..—P_,. .
)2

Known Upsilons are our guide and reference!

Events /5 MeWc2

; YQ2s) 2 .
40000 | 5 | = Deviations from

| | l % Center of Gravity of
30000 Ys) l " = Apy Masses:

’ ’ AM,(1P) = +0.8 + 1.1 MeV

20000 AM,£(2P) = +0.5+ 1.2 MeV,

Consistent with O,
as expected.
... BUT production rates....

10000 F

Wil h.ummm'
NG

94 9.6 98




Ratio of production rates:

spin-flip

0.45 4+ 0.087 V"

0.77£0.087 77

)=

no spin-flip

for h,(1P)
for h,(2P)

This process - with spin-flip of heavy quark - is not suppressed !

= Mechanism of Y(5S) —» h,(nP) n*n" decay violates

Heavy Quark Spin Symmetry

Study res.
structure




Resonant structure in Y(5S) — h(1,

ﬁ

lgh Tatras nature: Boletus edulis

2 P)ntr

10.4 10.5 10.6 10.7

h b (2 P)TC+

First observation of
charged bottomonium-like states




Resonant structure in Y(5S) - Y(1,2,3S) '
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Heavy quark structure in Z,* and Z,'*

—‘
.

Wave func. at large distance — B(*)B*

il
.

Bondar et al, PRDB4,054010{2011)

7, ~ |B B*)= |@+'Hﬂ\

S-wave hp(mMP)m

W not suppressed
z, ~ | B*B* ) =] + -'Hf>/ i

« Why hyntrt is unsuppressed relative to Yt
- Relative phase ~0 for Y and ~180° for hy,

* Production rates of Z,,(10610) and Z,,(10650) are similar
« Widths

Explains

Other possible interpretations of peaks in Mass((bb)r*)

v Coupled channel resonances (l.V.Danilkin et al, arXiv:1106.1552)
v Cusp (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)
v’ Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)
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Summary (charmonium-like)

'S S 'Pr 'y Py P, 'Dy Dy "Dy Dy
1T T T T T T ¢V¥(4660)
_ 1 Z(4430)*
W Y(4360) | A
X(ﬂ%? Y(4260) AZ(4250)+
X(3872) Y(3940) Z(4050)+
= ¢ (a008) ‘ A
X(3940) g ——
L9 8 T T T T T T TR T T (T) wa(3820)

0t 1 1t ott 1Tt 2tt 2t 1— 22— 3-JPC

Heavy quarkonium
have got new intense
life due to discovery of
unanticipated
charmoniume-like states
XYZ at Belle and
BaBar

These new states are
studying now both
experimentally and
theoretically:

--- X(3872) was
confirmed by CDF, DO,
BaBar and recently
LHCDb!




Summary (charmonium-like
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'So sy ey ey Py Py Dy
| I I I I @Y (4660)
_ 1 Z(4430)*
— g Y(4360) | A
% (41603 Y(4260) | A Z(4250)*
X(3872) Y 394%;i Z(4050)+
;_‘—WIE'_ @Y (4008) ‘ A
X(3940) T kg DD
@ s U(3770) wo(3820)
L) —a e
hc — = Kel ke2
[ Lo
==
—g= I\
N
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--- 'Y’s states found in
ISR processes: 1-

But none of them

Are found so far in
Inclusive R or exclusive
(DD, DD*, DsDs,
Ac+Ac-, DD*r)
hadronic cross sections
spectra

Very unusual , non-
charmonium cc-like
states!

Hadrocharmonium or
Thetraguarks or
ccg hybrid
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Summary (charmonium-like)

lSo 381 1P1 lPo 3Pl 3P2 lDz 3Dl 3DZ 3D3
— T T T T T T @Y(4660) 1 (4430): And finally
—— :lv(4360) A yet-unconfirmed
" 4%%%5) Y(4260) AZ(4250)+ “smoking gun”
( ) o for manifestly exotic
X(3872) (3940044 4008) | AZ(4050)* charged charmonium-
K (4040) ;I Tl _ like states: Z’s*
(3940) xcz(2P)|:|?|1|:
- _____T"_C DD
o T.% V(3770) w2(3820Q)
L) —a e
hc :':' el ke2
B X0
— =
= =
U
N N N NN N S N R
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Summary (bottomonia and Z,*)

e hy, and h,’, 1,(1S) and n,(2S) (not covered in this talk) at Belle;
highly excited y,(3P) at DO, LHCb and ATLAS

Breakthrough in bottomonium physics above BB threshold:
e Exotics: two charged Z," bottomonium-like states

in 5 decay modes at Belle: ® .0
Y(1S)7", Y(2S)=", Y(3S)x", hp(1P)xt", hp(2P)xt” .//"-'»‘”‘*0

e ’\‘ e’

-

T

e Properties of Z,* states — stimulated theoretical investigations —
are consistent with molecular structure.
(+predicts many new yet-unobserved states)




Flnal COﬂClUSIonS or enjoyable creatures above

i onrariii oo i 3mzﬂ)d"m;a

4%)&?&/’4/{//» (z//Ar/ PR (.) n/‘( i

N\ Ratzenpfitdyen.
Goelweif.

open flavor thresholds

Current picture of
quarkonium-like (=exotic)
states is rather scattered.

There is no theoretical model
which is coherently described
all experimental data.

X,Y,Z states remain a mystery;
new efforts are needed

Contribution from
high-statistics measurements
is important:

LHC, Super B-factories.
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Back-up slides




Isospin Violation in X(3872) decay:

i"‘-. ﬁ*u'*‘.*:
~0on mass shell

~8 meVv Ooff mass shell




Summary of Belle results on charged Z’s

e 2007: Belle observed first charged charmoniumlike
state, Z(4430)* decaying into y'n*

e 2008: Belle continued the study of B»>Kn(cc) decays
and observed two new charged charmoniunmdike states
Z2(4050)* and 2(4250)*, decaying into nty 4

e Update on Z2(4430)"*:

Dalitz Plot analysis confirms original observation.

The Z2(4430)* has a significance of 6.40. The parameters
of Z(4430)* from the DP analysis agree and supersede
previous Belle measurement. BaBar has not confirmed
Z2(4430)* production but not exclude it.

These states have similar character: have non-zero electric
charge and decay into ordinary charmonia and =*.

The current options for their nature include tetraquark,
molecular type states and hadro-charmonium.



Conventional charmonia

J=5+L
P = (1)1
C = (-1)+s

n radial quantum number
S total spin of q-antiq
L relative orbital ang. mom.




Comments on hew
What is the interpretation ‘I-- Y"S und Z+

of these most recent new states?

Different, but maybe not too orthogonal pictures:

These states are new states of matter:
ccg, molecule or 4-quark -
obviously not simple g9 systems

OR
-
Just the manifestation of ="
new features of QCD: heavy quarkﬂma
can be embedded into light mesons.. "™ _
The properties of both are preserved ' ‘ hadro-charmonium
 dimen

as they are separated by scale size, ° . i
w/o rearrangement of quark’s T N *"_'__'.‘.'“SJ-=-'-"£ . =

? o
) S .Dubmskiy M B Veoloshin 0803 2224

[
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