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Many (>10) states poorly consistent with quark model

State
Y5 (2175)

X(3872)

X(3915)
7(3930)

X (3940)
Y (3940)
Y (4008)
X (4160)

Y (4260)
Y (4350)
X (4630)

Y (4660)
Z(4050)

Z(4250)
7(4430)

Y, (10890)

M (MeV) r(Mev) JPC Decay Modes
2175 + 8 58 + 26 1=~ @1y (980)
_|_ —_
++ nrnJ/,
3871.4+ 06 <23 1 ~vJ/,DD*
3914 + 4 23 + 9 0/27%  wl/y
3029 £ 5 204+ 10 27F DD .
3042 + 9 37 +17 ot DD* (not DD
or wd /)
3943 + 17 87 +34 7' wJ /v (not DD*)
82 07 —— — :
40087, 22674, 1 wﬂr_ J /v )
4156 + 29 13913 o'+ D*D* (not DD)
4264 + 12 83 + 22 1~ ntr = /Y
4361 + 13 74 + 18 1=~ T’
+9 +41 —— +p—
463477 9275, 1 ATAZ
4664 + 12 48 + 15 1=~ I VY
405172% 82151 ? v 1
424818 177320 2 TEx 1
4433 + 5 4513 ? =’
10,890 + 3 55 + 9 1=~ mtmw— T(1,2,35)

Production Modes

ete™ (ISR)
J/v — nYs(2175)

B — KX(3872), pp

vy — X(3915)
vy — Z(3940)

ete™ — J/1X(3940)
B — KY(3940)

eTe (ISR)

ete™ — J/19X(4160)
et e (ISR)

eTe (ISR)

ete™ (ISR)

e e (ISR)

B — KZ™(4050)

B — KZ=(4250)

B — KZ=(4430)

ete” — Yy

observed last 6 years by B-factories



Exotic charmonium-like states

o Multiquark states

a Molecular state

Conventional charmonium

T two loosely bound charm mesons :
D A450C 7 o quark/color exchange at short distances
S VA415) . .
= 425 _ 0 pion exchange at large distance
:l YH(4160) 0 S
4.00 (4040 : | — _ T etraq uark .z
— O B oy B tightly bound four-quark state
3-75W--l-I--l--l--l--l--l--l--I--I--I---I---l--l--l--I-MI-I--I--I--I--I--I'
3.50] (25} qf(2S)Iﬂ:l —a % |
' h, Cg— X K . .
Yo 0 Charmonium hybrids
3.25— —
—— 0o States with excited gluonic degrees of
3.00—gp— JV =
e freedom
| | | | | | | | |

R N
o Hadro-charmonium

J=S+L / 0 Specific charmonium state “coated” by
P = (-1 excited light-hadron matter

n(ZS+1)LJ 0 Threshold effects O
o Virtual states at thresholds

S tofal sbin of aeanti 0 Charmonium states with masses shifted by
P OT q-amha nearby D D, thresholds
L relative orbital ang. mom.

Nl radial quantum number
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X(3872) first seen in B—K
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PRL 102, 132001 (2009)

3.8 3.85

3.9

3.95

m. (GeV/c?)

a M, close to D'D* threshold M = 3871.55 =% 0.20 MeV
not clear below or above: Am =—-0.25 £ 0.40 MeV
0 surprisingly narrow: Ftot <2.3 MeV at 90% CL

® 3500

E | |c05({)ml| <0.6
= L

2 3000—

= [

s |

- [Icos(é: )] § 0.5 |lcos(®; )| > 0.5 Jlcos(d, ;)| < 0.5 Jlcos(8; )| > 0.5
o 2500}

2 E
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o

= 2000—
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=

AT

|cos({l_,,w}| =0, .
o aJPC=1"or 2"

0 0.63 1.15

a2 0 063 115 w2

0 0.63 115 nf2

Moriond QCD

0 0.63 115 nf2

0 Br(X(3872) — J/yp?) >
2.5% (90% C.L.)

%

&0

——
hep-ex/0505038

38 ?85 ?9

my (GeV/c?)

| a mw = p. Isospin violation!

| 0 X(3872) — J/yy is seen,
‘| but small

| 1 0X(3872) — y’y is also seen,

Events / ( 0.0475)

surprisingly larger J/yy

ArXiv: 0809.1224

45
40F
5% g
30F
25
20F
15F
10
5c

B' —»X(3872)K*m

0 Lepmeday
'06 07 03 09 1

PR T P P
11 1.2 13 14 15

M(Km)

0 B—X(3872)Kn non-resonant Kn

dominates! unlike B - Kn+charmonium
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X(3872): charmonium vs exotics

Conventional charmonium

D’D* molecular state: (the most popular option)

g ) =
o expected I'(x.,"—Jd/yy) / T'(y,—=d/ynn) 0
~ 30, measured ratio < 0.2 0
o ~100MeV/c? heavier -
“cz (JPC=2_+) a
o expected large I'(n,,—gg) and tiny
1_‘(“c2_)J/\|”.wc )
o ~50MeV/c? lighter
Tetraquark (cq)(cq):
Q

+ 3 states (cu)(cu), (cd)(cu), (cd)(cd)

|
7 C 2

MeV
J = h
o O

Events/10 Me
=

(g
(e

10

with a few MeV mass splitting

o no evidence of neither neutral
doublet nor charged partner

- X(3872)
38 385 39 3095
My ) (GeV/e)

Moriond QCD

g

nts/10 MeV/c?

C
(3]
(=]

st
]

B-

___ PRD 71, 031501 (2005)

W I

X(3872)"

|

3.8

n L "
3.85

39 395

M(J/ymn?) GeVie)
P Pakhlov, ITEP

My ~ M,y + My« is not accidental
JPC=1*" (D'D™ in S-wave)
DD" decay
Small rate for decay into J/yy is expected
Problems:
o too large X(3872) — w(2S)y
0 too small binding energy: D’ and D™’ too
far in space to be produced in high energy
pp collisions
Possible solution: Mixture of DD” molecule

and Y .,’ charmonium state?

Spires vote:

Molecule

4-quark Hybrid Others



. = PRL 94, 182002 (2005)
B—YK
Y—=J/yo

L1 1 | | 1 1 1 |

20 —

10

3880 4080 4280
M(wJhy) (MeV)

Y(3940) — J/yo
Mass, MeV/c? Width, MeV

D
BoYK (39431113 |87+22+26 [
B YK [3914.6+2+ 19| 3412, +6 %

WY 3914 £ 3 £ 2 17103 <D

Mass above DD threshold but J/w® partial width is
too large for conventional charmonium

Events / 10 (MeV/c?)

- J=0,2 only
3 P N=49+ 14 £ 4

Events/10 MeV

Events / 10 (Mc\_-"e"c:)

T, (Y) X B(Y > oJ/y) =
(61 £ 17 £ 8)eV forJP=0"

(18 = 5 =+ 2)eV for JP=2+

ifI',, ~ 1 keV (typical for excited charmonium)

_ +0.28 +0.04 r ~1 MeV is quite large for conventional charmonium
Npo/Npi = 027792 _ 3700 g1 v a 8

~36 below isospin expectations P Pakhlov, ITEP




B*—J/ywoK*, Y(4140)—>J/yo

= PRL102,242002(2009) — Search for possible 2 ;W+ i : R . 4

diquark-antidiquark
3.80 .

state

IIIIIIIITII[TIIT]IIIIIII[TII[ l

Candidates/10 MeV/c?
O a2 N W A O O O ©

.ﬂT T T R
11 1.2 1.3 14 1.5
M/ yo) - M(J/y)

M=4lMevr? *
[=11.7"83 _, % 3.7 MeV
Br(B*—YK") X Br(Y—J/yo)

<6 X 105 at 90% CL
.9.0 + 3.4 +2.9) x 105

No big contradiction
small efficiency at threshold

w—h TTTTTTTT

Events / (0.01 GeV/c?)

B (BY
u(d)

M(Jpo) fit with fixed
parameters of Y(4140)

Y(4140) is not confirmed

18—

~o
-
.
]

—JyeK*

16
14 +4.9
7.5 —4.4

12

10

[— T I N - I - - |
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Entries/25 MeV/c?

arXiv: 0912.2383

8.8742 ., events

“r _ 3.20
L — -1
> [ Y(4140) 8251b
0 : \l, ME Tk __i = |—_—| |1, .
4.2 4.6 4.8 5

2
M(¢J/y) (GeV/c) T, (Y(4140) X B(Y(4140) - J/y)

<40 eV at90% CL for J'=0*
= + 5.1 +
%eV/(c‘glso.6 +51£07 <59eV at90% CL for JP=2*
disfavor D,"* D, molecule scenario for

— +17.9
['=13.377 4, = 4.1) MeV Y(4140) with JPC= 0+ or 2+

T, (Y(4350) X B(Y(4350) — ¢pJ/y) =
(6.732,, = 1.1) eV for J*=0*
(1.5%07 . % 0.3) eV for JP=2*

interpretations: D,"*D "~ molecule or sscc tetraquark with J*¢=2"*; P-wave
charmonium y,(3P) =3°P,

Moriond QCD P Pakhlov, ITEP



N/25 MeV/c?

N/50 MeV/c?

X(3940) and X(4160) in ete” — J/y D'DO)

M=3942 7
[ =37 3¢

X(3940) — DD*

PRL100, 20200 (2008) _

+6 MeV
+12 MeV

670 fb!

+15 MeV
121 MeV

Moriond QCD

0 decay to open charm final states like
conventional charmonium

0 production mechanism fix C=+1

0 known states produced in ee™ — J/y cc
have J=0

0 not seen in DD decay, exclude JP¢=0"*

4

Plausible assignments are JP¢=0-*
X(3940) = 31S, = 1.(3S)
X(4160) = 41S, = 1.(4S)

For both X(3940) and X(4160) the
masses predicted by the potential
models are ~100-250 MeV higher

P Pakhlov, ITEP



Events / (20 MeV/c?)

- arXiv:0808.1543
= =
70— Y(4260) E
60 NEW =

- 34439 ev E
S0E° 3
405y (4008) =
300 & 454 o' |
20 1 % =

.t Ll R
10;— “q_l Iflfm{#%ﬂ Lj
QES | élL | 4]2‘ | |4|.4| I4[6| I I4‘.8| I % | IS[ZI | |5|.4|7

m(r AP ) GeVic?)
S PRD74,091104R(2006) .
% 5:_ 10
s |
:2- :__ 1 3[6 1.‘8["! 44"!“4?48 2
21 5.4 T
2k ° 13.3 fb!
1 7 - — -
R TR TR 3

M (7 -Jhy) (GeV/c?)

Moriond QCD

| PRL 96,162003(2006) -

e ' J/l|l o(e*e’—nn J/y)
o0 1’ Jiy ]

+ Jhyn®n® (5.16)

1
RN S—
L

4.

——

|
B o

Entries/20 MeV/c?

3.9 4 4.1 4.2
Vs (GeV)

P Pakhlov, ITEP

ee—Jynn

YISR

Y(4260) ... Y(4008)?

60

40

20

T PRL 99, 182004 (2007) i

2-BW fit with interference
» two solutions: different
peak cross sections

M(r 7 i) (GeV/c?)

State | M. I\Ie‘\/'/c2 Tioi. MeV
= v (4008)|4008 + 407 11| 226 + 44 + 87
¢ 4259 + 872 | 88+ 2378
4252+ 675 | 105+187%
7] Y (4260)| 4284717 +4 | 7375245
ﬁ Y (4260)| 4247 + 12737 (108 £ 19 + 10




Events / 50MeV/c?

Entries/25 MeV/c*

O 0O 0O O

10

L 1

" PRL 98, 212001 (2007)
/Y(4360)—>\|;(ZS)mt

/ , Y(4660)?

N

=

Y
6]

—
o

25 5 55
m2()INy) (GeVic?)

e e —oY(2S) T Vg
Y(4360), Y(4660) ...

State M, [MeV/c? Tio, [MeV]
§ g ¥ v(4360) 4324 + 24 172 +33
2o FEv360) | 4361+949 7415410
g 3»@% Y (4360) 4355+ 9+9  103*1T+ 11
fg J ﬁY(%‘GO) 4664 +11+5 48+15+3
g géﬁﬁﬂ Y (4660) 466172+6  42t17+6

Absence of open charm production, too large
partial widths in charmonium and light mesons
are inconsistent with conventional charmonium

Another problem is absence of vacant JP¢=1--

charmonium states

Charmonium hybrids (LQCD expect ~ 4.2 GeV; the dominant decays to DD)r)

Hadro-charmonium -specific charmonium state “coated” by excited light-hadron matter

Multiquark states ([cq][cq] tetraquark or DD,/D*D? molecules )

:ZI_B'W ﬁt 'wit'h ' ,I PRL 99, 142002 (2007)
"~ interference ' E
: Y(4360) ; Y(4660) :
- Y(4360) 5.80 ]
/
4 4.5 - B
M(r* rty(2S)) (GeV/c?)
S-wave charm meson thresholds

Moriond QCD
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o[Y(nS)rr] 1 6 uu]

oY (nS)nn] / 6°[uu]

0.012

(c) : PDG Y(10860) p and I
0-0101" ¢ v(as)ye - Y(10860) uand T fromR_fit
0.008}- H v@Spr - 4:—+————————————————————9————
0.006 | 4 Y@Spm E ___+ __________________
o004l A

o002} - j;—,—-’—'tt‘i—t _*‘:::T

h‘h

0.000 : ¥

0.012 —

0.010|— @ y{1S)en pe—— arXiv:0808.2445 -

0.008 | M- ¥Y(2S)rR-— -~ - —* —————————————————————————

0006l A Y@SIT 3 + _______________________

0.004 | —---------------—, oS\

0.002}—----coo Xy ; ti \ f ———————————— P

0.000 : '

' : )

1075 108 1085 109 1095 11 11.05

\s (GeV)

Fit to inclusive cross section e'e—— hadrons

coherent Y(5S) +Y(6S) + continuum

bb counterpart of Y?

Energy scan above Y(4S) to search for
counterpart of Y(4260) in
bottomonium sector: study
anomalously large cross section of e*e”
—-YmS)a'n,(n=1,2,3)

~ "° PRL102,012001,2009 T

0.5
0.4}

0.3F

AII\\‘II\J‘IILI‘

PR BT S N B R R
10.9 11

L1 T |
10.7

10.8

0\\‘

1 L 1 1 ‘ L L L L
10.6 11.1 11.2

\'s [GeV]
Y (10860) Y(11020)
mass (GeV) | 10.876 £ 0.002[10.996 £0.002|  Both inclusive and exclusive dipion
width ‘(‘l\feV) ) ]4;3 i04] 5 | o 1327 i(?() cross-sections are inconsistent with
¢ (rad) 11 +0.12 12+ 0.07 PDG Y(5,6S) parameters and
PDG mass (GeV) [10.865 4+ 0.008 [11.019 + 0.008 poorly agree each other
PDG width (MeV)| 110 +13 79+ 16 y '
Moriond QCD P Pakhlov, ITEP



o(0 f,) (nb)

o(¢f,(980)) (nb)

g
o
i

<o
T % T

0.2

' PRD74, 091103(2006)

2.8 3

L

g

. y e
L]

BELLE .

- - ;
.
. [

05 |

-----
.....

Fit with a BW for 1
Y(2175) interfering 1
with nonresonant |
component

wo -
solutions -
constructive -
destructive -

26

1=.3 l..L-.J-'I
2.4

Ecum (GeV)

BaBar, Belle:
e"e —of) Tisr

ss counterpart of Y?

20 T

PRL100, 102003(2008)

BESII: e T
J/\|l—> (Pf() M B VT f0(291§0)) (zcazf;awc22 o R
Experiment | Channel Mass (MeV /c?)|Width (MeV /c?)
BaBar [23] |Y (2175) — ¢fo(980) 2175+ 10+ 15| 58 + 16 + 20
BES [25] |Y(2175) — ¢fo(980) 2186 £ 10+6 | 65+23+17
Belle [26] |Y(2175) — (;‘)Hn-. ofo(980)| 213319, 169135°
] |Belle [26] |#(1680) — ¢rtr™ 1687 + 21 212 + 29
1 |BaBar [28] |#(1680) — K*K and ¢n 1709 £ 20 + 43 | 322 £ 77 4 160
PDG [3]  |&(1680) 1680 + 20 150 + 50
Interpretations:
PDG 09: ¢(2170) 33S, ss state? but predicted
width ~380MeV!
hybrid similar to Y(4260)? tetraquark? ....

Other decay channels to be measured to clarify the nature of Y(2175)

Moriond QCD
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7.(4430)" first charged
charmoniumlike state

Cannot be conventional charmonium or hvybrid

B — KZ, Z(4430)" — n*y(2S)
K=K-, K’ ; y(2S) -, a*a /iy

M?(y(2S)n), (GeV?)

Fit: S-wave BW + phase space like

function
M=(4433 = 4 + 2)

N R N K*(1430) MeV T = (45118 +30_)
K'890) '  MZ*Kn), (GeV?) MeV
Br(B—KZ) X Br(Z—y(2S)n) = 4.1 %+ 1.0 * 1.3) X . PRL100, 142001 (2008)
105 Br../ Bry=1.0 = 0.4 N e Bk

Shows up in all data subsamples

[i%]
o
T

0 Could the Z(4430) be due to a reflection
from the Kz channel?
o S- P- & D-waves cannot make a peak
(+ nothing else)

Events/0.01 GeV/c?

o
T

38 405 43 4.55 48

M(n"y(2S))

Moriond QCD P Pakhlov, ITEP



1 g 2% poyeswk™ 1 BaBar search &
| for the Z(4430)~ =

% 4 B Jyr K™ ; B0 — y(Q2S)m K™

 Detailed study of K 1~
reflections into the J/y 7~ and
y(2S) m masses (S, P, D waves)
to describe background for
both J/y and y(2S) modes

n

..
EO e
=
- ety -.I e
C el b
P
*

Events / 10 MeV/c?

—T T

M?*(y(2S)m), (GeV?)

n
T T

10

B | | T N I |

1 111 1 | 1 1
08 1 12 14 16
my . (GeV/c)
PRD79:112001 (2009)

 Fit to J/yn~ and y(2S) n~ distributions: , —mMmm———————————

background + BW (free mass & width). : ]
Observe ~2¢ fluctuations below/above 100F
background in J/y and y(2S) modes

= At M = 4430 MeV/c2 & I' =45 MeV i
Br(B'—>ZK*, Z—wy(2S)n) < 3.1 x 10> @ 95% CL 338 1 12 14 1.6 2.8
M, g, (GeV/e?)

“For the fit ... equivalent to the Belle analysis...we obtain mass & width values that are
consistent with theirs,... but only ~1.9¢ from zero; fixing mass and width increases this
to only ~3.16...”

Moriond QCD P Pakhlov, ITEP




Reanalysis of B - Kmy(2S) data

23 ]
- " . . >
22— ~ [
-1 4 A using Dalitz fit
S b emespranege=m=1 Fit B'>y(2S)n*K™ amplitude by coherent sum
: 19 :tl R f LA g I;EI I‘i | Of RBW contribUtions
% E e e all known Kn resonances
% 3 ﬁ . e all known Knt resonances + y(2S)n resonance
Sp :
S Wb : M = (444315 +17_ ) MeV/e?2
- o — +86 +57
15 F- " S = (1097 45" 5) I\;IOe M PRD 80, 031104 (2009)
b g L] / - K* veto applied 3
M?*(Kn), (GeV?)  Mass & significance similar, *° [ With 7,(4430)
width & errors are larger -
PRL 100, 142001 (2008) / or 6.46
M = (4433 £ 4 = 2) 30
MeV/c2 T = (4518 ,;+30 ) -
_ MeV 20 |-
Br(B"—»ZK*, Z—y(2S)n) <3.1 X 107 @ 95% CL |
' D 10 .
£ = (32118 473 1 6) X 1073 - T -
B "-1I||1|1111||1-_|”--1 -------- L
No big contradiction 14 16 18 20 22

Moriond QCD P Pakhlov, ITEP M*(n*y(25)) (GeV?)



23

”s . <& PRDT78,072004 (2008)
21 :0030? e,
O%GG Ooncoo
~~ 20 o:d‘ :° 3’2 I \
N> b et cs e I : \
) 19 3“9% o %!\o’%’o ‘
U . og © aoau:‘?g\
~ 18 E:) o"jﬂj’ oo o3 ||‘
« \ o °% ;gg}%
e 53k le )
= s5h S I

x 16 S o8, ¢ .‘&‘g" ,
N’ o °
- Boe , b N U |

15 FEES
= K*(1680)

14 B2 .

SRR 1A K*(1780)
13 Col A cn|s | IR A *
0.5 i 15 K'(1430) 3

K'(890) M2?*(Kn), (GeV?)

= Hypothesis of two Z’s resonances is favored over one Z

resonance at5.7 o

AN R g S

By K5 A Iy

D

<o

BELLE

Dalitz analysis: fit B>y ,a*K~ amplitude by

coherent sum of RBW contributions

o known Kzt resonances
o K*’s + one (y ., ) resonance

a K™’s + two (., ) resonances

M,= (40511420 ) MeV/c?

I'= (82+21_17+47—22) MeV

M,= (424844 ,,+180 ) MeV/c?

r1= (1 77+54—39+316—61) MeV

= Spin of Z; is not
determined: J=0 and
J=1 result in
comparable fit

qualities

Moriond QCD

M3(x,,m), Geverct

) P N A

40 — ° 1 M i:’).(?e:zic4 B ’
3 ’
S s0Ftwo Z’s|l} |
o -
O C C 9/,
5B ot or o . 25 ithout Z’s
‘(B — K Zl | L‘(Zl — T \L'IJ = o - = J
0917 2T e e o F ¥ 3
BB — K ZH)xB(Zf —ntxa)=| & F .
= ") 2 Q7 l r w 10 :_ n - +.. i
(4.0F23415T) « 1075, 3 Ll f
o o DI PO I L |'"+--i--2.1.]"?"'.--1..|...|..J L
%.6 3.8 4 42 44 46 438
2f rt 2
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Summary

0 Hard work have been done by BaBar &
Belle teams

0 More than ten new states have been observed

0 PDG almost double its volume after 10 years of
BaBar&Belle running

O Theorists work also hard, but many

states remain unexplained
O can theory solve all the problems at once?

New Super B-factories |

Super r°N\
KEKB  SuperB
», uest for BSM \ ,

could help to resolve most
- of XYZ puzzles ... but likely
(hopefully) add more ...

P Pakhlov, ITEP




