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Summary (lecture 1)

*The quarkonium spectra are strong evidence that hadrons are
composed of spin=1/2 constituent particles

*All of the charmonium states below the M=2mg “open charm”
threshold have been found
-most of the bottomonium states below M=2mg have been identified

*Above the threshold, most of the 1-- states, but only one of the
others (the x.,’) have been discovered.

*The masses of the assigned states match theory predictions
-variations are less than ~50 MeV

*Transitions between quarkonium states are in reasonably good
agreement with theoretical expectations
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Charmonium spectrum today

Masses in pretty good agreement with theoretical expectations
-- biggest discrepancies ~ 50 MeV --
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mass (GeV/c?)
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M1 transitions (I'(keV))
Th. Expt
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Bottomonium spectrum today
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Constituent Quark Model

7 = (dif) N\= (uds)

Mesons are quark-antiquark pairs Baryons are quark-quark-quark thriplets

Fabulously successful

Quarks are probably the most
well known particle physics quantity
among the general public



Why no other color-singlet combinations?

Other possible “"white” combinations of quarks & gluons:

Pentaquark: y d H-cEliBSryon
S=+1 Baryon y dé tightly bound fl
6-quark state d S
Glueball

9
Color-singlet multi- o
gluon bound state %E%J

Tetraquark mesons Y 9
tightly bound C loosely bognd (
diquark-diantiquark™= ¢ ., meson-antimeson %\
“molecule” @ /0*°
c .

qa-gluon hybrid mesons
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Charmonium mesons
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ntn/JyP systems produced in B decay

Polarized along flight
direction in B rest frame

B'>Kgy’; ¢'>rn*nJlp are very useful decays for CP violation studies
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Events/0.010 GeV
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Fvents S MeVic

Events/5 MeV/c?
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Does it fit into the cC spectrum?
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JPC=2- (& 2y > DD not allowed
Ye, Ne2

J=2 .
P=-1 / ’
IE\ J=L ForJ=2
'chz (or Mc,) l‘@: q P=(1)t P=(1)2=+1
\\Ia\ _
E'I D <D or D

*’Spin=0

Y., m,)>DD violates parity



Lowest possibility is DD* (or D*D)

_Spin=0

J=2 C\[D €D°orD*
P=-1 /ql
,’E‘. J=L+S ForJ =2, L=1is OK
lpcz (or ;) '\’ 9 P=(-1)t P=(1)=-1
xa\ —_—
o D¥ €Db*orb*

\N/

Spin=1

Y., (N.,)>DD* doesn’t violate parity

Mp*+Mp~ is The “open charm threshold” for ¢, (&n,,)



s the X(3872) the y_,?

Eichten et al: Bf(yeo 2y Xci) .5
PRL 98, 162002 (2002
(2902) Bf(y_,>n*m-Jhy)
Fermilab 2003
“Look for X->y x.1, Yyou should
\ be flooded by events”
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X(3872)2vyy., ??

|
% ; Belle PRL 91, 262001 (2003)
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The X(3872) is not the y_,!!



Events / (5 MeV/cz)

If not y_,, what???

Measure JP¢ quantum numbers

1st: find other decay modes:

X(3872)-> y Jhp is observed: T, ,,=(34:1.2)T,,
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C(X3g7,) =+

Xsg722 ¥ Jl‘K mmm) C(X;5,,) must be (-)x(-) =+

if C(X3q7,) is + :
n'n system in X;g,2n*n JAp must come from p2>atw

313+

Belle agrees
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JPC of X0+,
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Does the X(3872) JPF¢ =0+ ??

dIl
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‘ﬂ%\:\os@d

T T T T I
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0.50 1.00
[cosy| (p frame) | COS{P|

no, the X(3872) cannot be 0-*



Does the X(3872) JPC = 1++ 7?7

-

L, « (f_fp X ‘E“:J/zp)}. Ex

!

Ex L gp 1 gJ/w mutually perpendicular

S=0 —
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1** fits well
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0 - d cos yd cos ¥,
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CDF angular correlation analysis

Only 1** or 2 fit data

AD

32002

lcos(6,,,)1 < 0.6
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450
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1+* fits well with no adjustable parameters

2" has one complex adjustable parameter



JPC of the X(3872) = 1**? ...or 2-*?

Partial Wave basis: 775 \jev

X(3872)9p‘6hp is right at threshold - neglect higher partial waves

3872 MeV
3097 MeV _
/,’—-~\\ /” N\\
1 N ;7 2-+ N
/ \ / \
! “ l’ \
I |
| L=0or2: S-Wave! D-wave \ L=1or3: P-Wave, F-wave
\S: 1/ 1.2 ' S: 1,2,/ 1,2
\ 7/ N 7
N e ~ b
~ ~ - - - -’ SN e -~ -
Only 1 amplitude: B, s=B,, 2 amplitudes: B, =B,,& B,,
normalization normalization
o = & =."(:5—e~i;i>‘;\<— complex

12 Include relative phase ¢



JPC of the X(3872)

J. Rosner PRD 70, 092023 (2004)
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Is there a 1** cC state for the X;4-,?

Mass is too low?
3872 vs 3905 MeV

theory
T(x. > v ') ~180 keV
Ty =2 v Jhp) ~14 keV
T.Barnes et al PRD 72, 054026

2Ty ' )T(y Jhp)>>1
measurement: <2

I =(3.4:1.2) T, ,,,,~45 keV

m+rt- Jh vJhp

~100x expectaions for an
Isospin-violating decay

c.f.: T(y =>n%/1)=0.4 keV

set by:
My ,=3930 MeV
T T T T T T T T
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— 2%s,) h e K -
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J/W aaaaaaaaaa measured -
3000 mle G ]
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Is there a 27" cC state for the X;5,,?

My

\Set by _ i
=3770 e, *Mass is too high?

1 1 1 1 T | T 1 I
. 0 1-- 1+ 0++ q1++ 24+ 2+ 1-- 3-
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— — ]
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i Y(4040) S i
o i
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“ (2%s,) h X }{d i
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[, TS 1
— I
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*3872 vs 3837 MeV
T.J. Burns et al arXiv:1008.0018

‘TN 2 v¢') ~0.4 keV

T, v Jp) ~9 keV
Y. Jia et al arXiv:1007.4541

T uny =(3:4212) Ty ~30 keV

* huge for Ispin-violating decay
c.f.: T(y'=2>m%/1)=0.4 keV

* B>Kn,, violates factorization

*B->Kh, not seen
*B>Ky,, barely seen

N, 2 DD”* expected to be tiny
Y. Kalasnakova et al arXiv:1008.2895
expt:

I'(X>DD")/T(X2>nrdhp)=9.5+£3.1



If not charmonium, what is it?



X(3872)>w " J/y Mass
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X(3872) mass (in m*n"J/Ap channel only)

X(3872) mass measurements
New W.A. 3871.67 +- 0.17 I
E : : § § s s s 5 :
L_,_iDO
= f s é z z z .
BaBar B° ' : : : : : : :

BB BY [

CDF B — — RSSO MU TN S— o

e B

New W.A. ' _____________ A— S— RS S S SIS — _—

M(D")+M(D*°)

lillllillllillllillllillllillllillllillllillllill
3868 3868.5 3869 3869.5 3870 3870.5 3871 3871.5 3872 38725

MX(3872) ’(MDO"'MD_*O): "0.12 + 0.35 Mev




DOD*° molecule?

DO » DO-D*° “Binding Energy” small
- Am = -0.12 + 0.35 MeV
...coincidence??
//D .

molecule”

00 7

an "old" idea



De Rujula, Glashow & Georgi (1976)

PRL 38, 317 (1976) Molecular Charmonium: A New Spectroscopy?*

A. De Rdjula, Howard Georgi,f and S. L. Glashow

Lyman Labovatovy of Physics, Harvard Univevsily, Cambvidge, Massachusetts 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., resonanc-
es between two charmed mesons, A rich spectroscopy of such states is predicted and
may be studied in e "e* annihilation.

D*D*: 171"
a0 5¢V 0 N~ Ty Y .-~ " .
L predictions:
DD 170" o
L - J‘PC=1++
3.5 S
i (DD )m,%thp
I AL
i PG
301 (b) \ J, I
I :‘ —
X X(2.85?);07,0*
L L ~ J N ~ J N\ ~ J
P-WAVE “ATOMIC" S-WAVE Also: L. Okun& M. Voloshin

" MOLECULES” CHARMONIUM “MOLECULES” JETP Lett. 23, 333 (1974)



Search for other states



Search for other states in
B2>K wrrrn® J/4p decays
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M(w J/p)

unexpected peak at 3940 MeV

T
o
N

30 -0 —
Y340 2 TP ??

Y(3940)

M=3940 * 11 MeV

20 I'= 92 24 MeV

\

10

o
T
— —

3880 4080 4280
M(wJ/hy) (MeV)

S.-K. Choi et al (Belle)
PRL94, 182002 (2005)



Y(3940) confirmed
 BaBar PRL 101, 082001 |

1 B*>K*nJdh

400 —

200 —

400
" B> KswJh
0
St
4F
\: ratio
0
a.
Mass (MeV) T (MeV)
Belle 3943 +11(stat)+13(syst) |87 +22(stat)+ 26(svst)
253 fb!
BaB
356(‘) fta): 3914-333(-W’f)j:g(-sl"-s'f) 33’_%2(-S‘f(/r)fgzg(sysr)

Some discrepancy in M & T'; general features agree



Does Y(3940) > DD* ?

B>KDD* Belle: PRD 81, 031103

~ 25 M, >5.27 GeV m = 3872.66 +/- 0.48
>5.
width = 4.2 +/- 2.0

L1a M, >5.27 Gev

388 3900 3920 gto 3960 3980 4000

M(DS*) M(D_D*)

S
=
o
¢
o
™

- . B(Y(3940) — w J/v) _ 3940 MeV is well above
No signal: B(Y (3940) — D*0D0) > 0.75 DD & DD* threshold



Study e*e” =2 J/y + anything

Recoil Mass: M, = \/(Ecm -Ly, )" - (=D )



o(e*e” =2J/y+cc) unexpectedly big
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Use “partial reconstruction” to

study X3g,02 DD or DD*
.

reconstruct
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N/25 MeV/c?
N

Bf(X(3940)—> DD*) is large

3940 MeV

e'e 2> J + DD*

M = 3942 *7 + 6 MeV
Ty = 37 26 £12 MeV
Nsig =52 ¢ + llevts

B-»(X(3940) — D*D) = (96733 =22)%
(>45% at 90% C.L.)



Use “partial reconstruction” to
search for X(3940)=2> wl/y

\

“R il
detect \ ecoil” Jhp
\ undetected
these .. N (inferred from
~~~~~~~~~~~~~~~~ b kinematics)
T onn JIp
w23
3940 MeV
9, [ T e |
R e | no signal:
~ 4" -, N |
g L A H B (X(3940) — J/ihw) <26% at 90% C.L.
=38 ] é#
R R S T R T S T 0|||1|||||IE|
2.5 3 3.5 3.8 4 4.2

M, ..oi(Vvo) GeVic?

M(J/yo) GeV/c?



X3940 & Y3040 are not the same

from: / B from:
+ - *
e'e">Jly DD B >K oJhp
Wb®
150:— | n“i,zs) X(\.Z940: + | _
i e Ao T | 20 (- ]
100 \Y \Y il [ ]
g
50:— ¢ £+ 10: 1
s e | * i
02 2.5 3 3.5 4 %5 28_80 — 4OI8O T 42I80 -
IVlrecoil(‘j/ b4 ) GeVic

M(oJd/vy) (MeV)

B(X (3940 J B(Y (3940) — w .J/v
(X(3940) —wJfp) _ o B (BM0) —wI/v)

B(X(3940) — D*0DO) -\B(Y (394@/’
contradiction




cc assignments for X(3940), Y(3915) & X(4160)?

3940MeV - 3915MeV

Z ] tese st oxe s
3500 (@) R e rradl (X

—— predicted
e 0 S measured

_'-";--'-
3000 e lieg,
_ (11s,)
|

‘Y(3915) = x.,'? €I'(wJ/y) too large?

X(3940) = n."? € mass too low?



1-- states seen via “radiative return”

“initial-state-radiation” photon: y,r

o

J/Y

if k, = 3.8~4.5 GeV, E’ = 3~5GeV



Radiative return

O [mb)
T T T T T T

VAR
T T T T N IR T 1 1 1 1 11

¥(25)

Y
B-fact
‘h’ enear'cg i(:;y

—>'-"‘<b; v
=S \N|

~
— ,/

) ~ .U.,

Ki} ',.'" \'-)
/ iy gy /j
e* “"44 %/
10.58 GeV
e

| IIIIIIII| IIIIIIII| IIlIIIIII IIIlIIIIl L LU

o
y
} 4
y
e
*

1] ] 1L

| I J/v/ | I | | | L1 1 11 I
2
1 10 10



e‘e” 2 v, Y(4260) at BaBar

Events / 20 MeV/c?

-
=

BaBar PRL95, 142001 (2005)

e Jy

fitted values:

W
-

N
<
I T 1T 1 I T T 1 I

10

233 fb-

IIIIIIIIIIIIIII

M=4259 = 8 *2 MeV

I'=88+23 MeV

"

46 48 5
m(rrI/y) (GeV/c?)




@)
o

1N
o

Entries/20 MeV/c?

(4260) Confirmed

M=4247 = 12 *17 MeV BaBar values:
M=4259 = 8 *2 MeV
I'= 108 + 19 £10 MeV

l I'= 88«23 MeV

o3
=)

N
o

C.Z Yuan et al (Belle)
PRL 99, 182004

- ------- Solution | =

------- Solution |l

- 52 5.5
M(n"r J/y) (GeV/c?)



Not seen in e*e- = hadrons

J.Z.Bai et al (BES), PRL 88, 101802 (2006)
S5 e ]

o(e+e- 2>hadrons)

o(ete- 2> pty-)

3 »'n’m

ol

R value
f N
|

25t |..|..

TV > T/p) > 1.6MeV @ 90% CL

X.H. Mo et al, PL B640, 182 (2006)



cc assignment for the Y(4260)?7?

“\\ed
of\w \e“
T T T T T T T T T A" s a
-0 1 1Y 0 M 2% v A 3- .
» / 3 -
4500 w4415 N T _
—— i
-—J.
E TN '/ ¢.2 & 1) S "
4260MeV T : ........ w (4040) ..... __uuﬂh:
4000 Loz -
. n,----y:'_ _______________________________ uzqz)__-!f_ou_—__m_’pz)__E‘_’Pz’_é
— (2351) h 7 sz -
3500105 ey et -
- (°P) —— predicted | -
oo (. measured -
3000 ki _'
 (11s,) -
ISo 351 lPl 3Po 3P1 3'P:: 1Dz 3‘Dl 3Dz 3D3
Y(4260) = 33D,? € masstoo low & I'(n*n"J/y) too large



peaks in e*e” 2 y,gg T Y’

e*e Dyrsplt Y’

I I I
[ L
L]
- BaBar * Daa
]

RNANSRNIN  \\- 4324 . 24 MeV
[ ] BKG (non-y(2S))
I = 172 + 33 Mev

’ M(t*ry') Vi)

Peak is 4324 MeV, distinct from 4260 MeV

—
=]

Events / 50MeV/c?

I



4325 MeV n*my' peak also seen

Two eaks! (both relatively narrow)
P (& neither consistent with 4260)

X.L. Wang et al (Belle)

M=4361 + 9 +9 MeV PRL 99, 142002 (2007)

/Ir= 48+ 15 3 Mev

| | : BaBar values
015} i M-4324 = 24 MeV
o | ;’": B - 172 = 33 MeV
= |

o10[ | _

Q L

> 0

RORNN

=5 _

=i

G |

0k I O

FE—— 5 55
M(n my(2S)) (GeV/c?)



At least three peaks for only one

unassigned 1" level

g A AT On AR 20 2 A B3
4664MeV #-_. ................. P 3D N
~ -le /
# \L’(4159) ........ e
4000 _ﬂxi‘ 7
- " W . (1'D,)_=¢ogm=_(1°D,) (1°D:). 4
e (235,) h Yo Ka
3500 _—(2 So) (1'p,) XCO a;;:; (13p,) -
(1°P,)
B _—— pDredicted
n w | — measured
3000 [ty 00 -
L (11s,)
IS0 351 |pI 3P0 3Pl 3P2 102 SDI 302 303



Are there XYZ counterparts in the
b- and s-quark sectors?

§ 1 1 1 \wl | T T 1 1 1 1.1 T T T 1 1 1 11 ?
s f ban 1 What about here?
0 F ¥(25) E
“ E i K p' Y _/
4 P .
10 = S =
; "TL;J 'u”‘_- ,'% :




b-quark threshold region

TIIIIII

g | | [ I| | | | [ | | Tl E

s F 1Y -
10 E ¥(25) =
g , Y E

4 -'p ‘ P -
10 E_.,,,i.* : ]
E ~\T‘u~‘! * . 2 E

X

‘ L) \J L T L

n €Y (45), where .

# B factories run.
55/10860 )

5.5 | “
5.0 ,t#« M‘ 0**’ !‘ #w#

asp ¥ CLEO 85’ PRL 1

L A 1 1 T

IO-5 '07 10.9 Hn.
CENTER OF MASS ENERGY (GeV)



Bottomonium spectrum

e
so | €Y (45), wh
11.00— Ym)r\ JA B faictories run.
- 55/10860
: Y(10860)  ss %/; 1020 1
- — e
10.75—
g L 0 7e, i
B : Y(4S) «— | , ﬁnf‘ ¥ 4 }
ZMB - 10.56 M?(}go !'-: ------ fﬁ 4.5‘;’— '?na o Cll_E(l) 8‘5' FRl._ P!
: ClEOP;?I'ER '8;7 MASS'O.EQNERG:. lG.V)
N ER) Sestonley
_ h (2P (2P) _
10.25 - h0OP) Al o —
&J " *( 1D) 7
; s I
& 1000 (- -
@
()]
©
S 975
Look for

9.50 |—

- 1+_

Y(4S) 2atn Y (1S) ?

(0,1,2)** (1,2,3)""
1 2




undjtected Belle: FY(4S)93'E+J'IS'Y(1S)

Y(4S)>yY(2S)>m* Y (1S)

vvvvvvvv

6.0 F ﬂ €Y (4S5), where
# B factories run.
. > 55/10860
reflections >8 “ ¥ ) :
| .
Sozesp [T =r ,m‘“'& %y #H##
D00 Y(4S) —={Y(1S) '
O ‘~5Jr7’ CLEO 85’ PRL 1
§175' on-resphance ] C l‘O-S -10.7‘ :0.9‘ :I.I —
0 CEN R OF MASS ENERGY (GeV)
%150- v
2 % Y(4S) 1
c -
| S 477 b
the— SIC nal75- 2S -
e 1 ) 45 1— signal

T + . AM (GeV/c?)
Mot w) - M(u'w)

N | N@wYi) | B(VdmnYy) | T¥dmm,)
535x10° 52+10 9+ 2x10> 1.75 + 0.35 keV 1.47+0.03 keV

/1
exp‘e\riment = theory



Mass (GeV/c?)

Y(5S) 2wt Y (1S) ?

11.00

10.50

10.25 |

o
~
wv

9.50

10.75}

e
o
8
T T T T

Y{11020)

(0,1,2)**
1

.lllllllll

(1,2,3)7"
2

2M,, = 10358.7 MeV



Belle: I'y(sqm+n-vas)

— T
6.0 F ﬂ €Y (45), where

Bfactories run. |
~1/20" the data - REETC.

’ 11020
zs.o - + * € J’w E
23.6 fb! vs 477 fb-  Expect ~1/2 evt [HRET
YTy CLE0SS PRL 3
~1 / 51'h'|-he cross-sect . Coiren o maseenERGy o
% 200 [ oo mram e | 325:20 evts!
Enp ] <—— signal

1 1.2 1.4
AM = M(purr)-M@un) (GeV/c?)

>6 times as many eventsl!
~500x expectations

K.F. Chen et al (Belle)
PRL 100, 112001 (2008)



Partial Widths

Assuming the source is the Y(5S)

PDG value taken for Y(nS) properties_

Process

N, Y Ef(%) o(ph) B(%) ['(MeV) -

T(18)r 7™

T(28)rt
(SS)Tr“Ln

T(15)

qv-
I\
Lol

.—g

32’7:8 200 374 161010012 053003005 0.59x0.04£0.09 )
)

186+15 140 189 23540194032 0.78+006+0.11 085 £0.07 £0.16
105755 320 15 1447002 £019 0487015 £007 0527030 £0.10

IKTK™ 202752 490 203 01857703 £0.028 0.0617)0,5 £0.010 0. 67+33{‘io.0133=

'PRD 98, 052001 (2007) [Belle]

>300 times bigger than that for the Y,/
(theory says it should be smaller)

c.f.
Y(2S) - Y(1S)n*nr ~6 keV
Y(3S) 0.9 keV

Y(4S) 1.8 keV



Are these events from the Y..?

o(ete- 2 n*w’Y, 5 ) from a cm energy scan

g 7 E Fit with common and I, ¢*n.d.f.=39.4/16
c ¢pFbH -
2 s . @ Y(1S)rn
o - N Y(2S)nn

4 1 Al e e
2 s E 4 Y(3S)nn Enhancement
o - + at Y(11020)7
E 2 1 ¢ N
2 1 - *
> o = 1 o

E L | I | ] | 1 |
10.75 10.8 10.8 10.9

10889.6 +1.8 +1.5 MeV
54.75242.5 MeV

Y, peak position -}---

= 10865 + 8 MeV
K.F. Chen et al (Belle) PDG(Yss): ur =110 +13 MeV

arXiv: 0810.3829



Peak & width in x*7Y(nS) different from Y(5S) &Y(6S)

| e*e- St Y(nS)

Simplest interpretation:

¢ 4
= Y(1S
b-quark-sector equivalent to 0 5f :YIN;E ; I :
) (] i
the c-quark-sector’s Y(4260) ;! LA :Enmmemem
E : : | z T 1 ot Y100)?
3 | |
% 1 V./] 1 * | s‘
N ) H
" I I

——
=
™

_75”'10'.8\”1'0185:'105 i 1[ 1105
+ . T - — FM Fnardv lf"n\l\‘r
= ‘Q e*e- > hadrons
5S4108 0
= ,\ /I’ 43 1020
) Lo . X Hut
-_—
+Tﬁ + ‘:’&"‘" Mg T
~-= b LEHO 8% ° PRL
B T e T

CENTER O PSS ENERGY (GeVvw)



MM(r*r) residuals

66

Look at w*n~ recoil mass in Y(5S)—n*n+ X

Fyents /1 eVl

x 102 Y=Y(1S) h,(1P)Y(2S) h,(2P)Y(3S)
1400 [ | i i :
1200 F 12:1 4 fb1
1000 f— I :E

800 ;—

Events /

L MM(x*n) spectrum
L I Y(S) : |
SN ] : h,(2P)~85,000 evts
30000 ~ h,(1P)~50,000 levts| 2
20000 f \:JP) |
10000 f “
! bkt n(nP)>JPo=1
0 BTt | T i
AR T UL L e
9.4 9.6 9.8 10 10.2 10.4

MM(r*n), GeV/c?



Bottomonium spectrum

11.00— Y{11020) E

: Y(10860) :

10.75— .

: Y(45) ]

2M; =10.56 MeV & = = = = === ~B---M_____ ]
1050 |- [

10.25 - - 1st observations

Mass (GeV/c?)
S

o
~
w

9.50




V
—
N
o
o
o
T

© 10000

Events / 1

Resonant structure of “Y(5S)” —h,(nP)x™n"
=>measure Y(5S)—hynx yield in bins of MM(rn)

. data

8000

6000 |

4000 f

2000 |

§is

M L |
10.6 10.7

M(hy,(1P)x™)

M, = 10605.1 + 2.2 730 Mev/c?
Iy = 11455575 Mev
M, = 10654.5 4= 2.5 fig MeV/c2

_ +5.4 42.1
I,=209"-"2 MeV
non-res.~0

N

% 17500 F data

= "
o 15000

ts

—

N

()]

(@]

(]
1

2500 F

b L

[ " " 1 " M "
104 1045 10.5 10.55 10.6 10.65 10.7

M(hy,(2P)x*)
~BB* threshold 10596 + 75 MeVv/e?
16 ﬂg 1:113 MeV
~B*B* threshold 10651 + 4 + 2 MeV/c?

12 fl)l fﬁ MeV




Look at “Y(5S)”=2>Y(nS) ntn-

“Dalitz Plots”

9.43 GeV <MM(rt*7r) < 9.48 GeV 10.05 GeV <MM(r*r) < 10.10 GeV 10.33 GeV <MM(7t*7w) < 10.38 GeV

116 _ 116 116
[ 15 | _
140 g Y(1S)mt: : ’E Y(3S)mttn
! 2."{,‘.. . ‘B 11 f £
2 &3 (S . m115 -
C gl ~ F A
110 —,{"'::" ‘Nw s -
= X Fr"‘:" *12 - \>.-/
,E 108 ._,"?o":"" (- F & Ter
0] {':: NE 11 | 2 -
v 106+ r r
= Fie 1o | =
& 104 E
A - 100 | L
E 102~ I -
- 108 i 1 1 1 1
100 11%.05

To exclude contamination from gamma conversions we require:
M?(ttor) > 0.20 GeV? M?(sttor) > 0.16 GeV? M?*(ttor) > 0.10 GeV?

69



Fit results

Y(5S) -Y(1S)w'  Y(5S) =Y (2S)n*r Y(5S) eY(BS)n o

80-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

120_|||||||||| |||||||| [TTTr[rroT [Trrr[rrrr]

1 100} -
60 |- - .

i i { 8of
1 60F
] 4o

{1 20F

106 107 1(_) %o *1 ’*“ 5 15 T b — 10_7 ?)58 10.6 10.62 10.64 10.66 10.68 10.7 10. 7210 74
M(Y(1S):zt)max M(Y(zs)ot)max M(Y(3S)70) ax
M=10611+4+3 MeV M=10609+2+3 MeV M=10608+2+3 MeV
b1 I'=22.3+7.7+4.0 MeV '=24.2+3.1+3.0 MeV I'=17.6+3.0+3.0 MeV
M=10657+6+3 MeV M=10651+2+3 MeV M=10652x1x2 MeV

b2 1'=16.3+9.8+6.0 MeV I'=13.3+3.3+4.0 MeV I'=8.4+2.0+£2.0 MeV



120 LA LR RARRN LRAY RRRRN LR AR L

ok (a)

8-

Ll

Consistent peaks in all three channels 40: WM

||||||||||

Z 9Y(15)ﬂ;9 Z s mUST Coanin 80 I %58 106162106410861058107 107210.74 _
b b : ;
a bb quark pair ' '

charge = + 1 & Z,s must contain
additional quarks

Zb+= B b u 0—4 1045 105 1085 10.6 1065 107 10—.7
L o A . L B I L L B
“minimal” quark § = i
configuration ~ °° [ B
wl | M E
| ,

o-||||

QIO.1 10.2 10.3 10.4 10.5 10.6%&“10.7 1




Summary of parameter measurements

Em . [preliminary]
m
+
= Z,(10610) £ Z,(10650)
Y(1S)n' —— — —a— .-
Y(2S)r'n | —— N e 1 N
Y(3S)n'n ~~— —— .- ——
h,(1P)n' - ——t e —e—
h(2P)r'r  |e—s ! — —— e
Average -¢- —- + +
...;6.-.0....116 ..... 1|c.).. O .-.1|O... .._.1|C.)-.-0....1|0. ..... 1|c.).. O ...1l0.-.
AM, MeV AT, MeV AM, MeV AT, MeV
Z,(10610) Z,,(10650)
M=10607.2+2.0 MeV M=10652.2+1.5 MeV
I'=18.4+2.4 MeV I'=11.5£2.2 MeV

72



Z* states cannot be bottomonium

b b

Z* = Qg Z-= .8

Decays to h,(nP) or Y(nS) = must contain a bb pair

Has electric charge = must contain u & d quarks



B-B* & B*-B* molecules??

Z,(10610)* Z,(10650)*

B B’
&
©Y, ©,
6 B* .

—
“-“dT -
6/['

—
c )
/ -
B-B* “molecule” B*-B* “molecule”
My, 106010y~ (M+Mp.) = + 3.6 = 1.8 MeV My, 106010y —2Mpe =+ 3.1 £ 1.8 MeV

Slightly unbound threshold resonances??

Belle M=10608.1+1.7 MeV M=10653.31.5 MeV
preliminary I=15.522.4 MeV '=14.022.8 MeV

PDG: Mg + M. =10604.5+0.6 MeV M. + M. =10650.2 + 1.0 MeV



What about the s-quark sector?



Y(4260) equivalent with s-quarks?

2
10

__e+e- 2> yf,(980)

T T T T T T R ]

M Y(2175)>£,(980)
o(e*e 2 w*mw ¢(1020)) | I u

BaBar

f,(980)>m*m ol %} |

BaBar, PRD 74, 091103 s 2 22 24 26 28

M(fo(980)p)




EVENTS/(20MeV/c?)

Confirmed by BES & Belle

confirmed by BESII
in I/y > 1 ¢ £,(980)

2C T T T T T T n

-
n

-
(=]

1 1 | | 1 1 1
1.50 . 2.10 2.20 23 2

M(f,(980)p GeV
J/ — 0o fo(980)

X. Wan X.Y. Shen F.Liu

M.Ablikim et al (BES)
PRL 100, 102003 (2008)

o(e*e > £,(980)¢$(1020))

IIIIIIIIIIIIIIIII

T | T T T

| T

T | T T

T | T

T | LI T

Belle




Summary



XYZ meson candidates

State
Ys(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)

Z,(10610) 10608 + 2
Z,(10610) 10653 + 2

M (MeV)

2175 + 8

3871.4 = 0.6

3914 1+ 4
39290 + 5

3942 £ 9

3943 £+ 17

+82
4008182

4156 4 29

4264 + 12
4361 £ 13

+9
463477,

4664 + 12

+24
405112}

+185
42487,

4433 £ 5

I (MeV)

58 + 26

< 2.3

23 £ 9
29 £ 10

37 £ 17

87 = 34

+97
226197

+113
139+15
83 + 22

74 +18

41
92_32
48 4+ 15

+51
wj%o
177+32

+35
4577

15+3
14+ 3

Production Modes

ete~ (ISR)
J/v — nY<(2175)

B — KX(3872), pp

Decay Modes

vy — X(3915)

vy — Z(3940)

e"e” — J/¥X(3940)
B — KY(3940)

et e (ISR)

ete™ — J/4X(4160)
e e (ISR)

e e (ISR)

e e (ISR)

e e (ISR)

B — KZ=(4050)
B — KZ=(4250)
B — KZ¥ (4430)

7 @ 2¥(1,2,35)) "Yss">n Z,(10610)*
(1 2P0mY(1,235) D “Ysg' > Z,(10650):

Large partial widths for decays to hidden quarkonium states



remarks

Quarkonium mesons are strong evidence for quarks
— All the lowest-lying charmonium states have been found

— Good agreement between their measured properties & theory

— Charmonium is the “"best understood” hadronic system

— Most of the lowest-lying bottomonium states have been found

Higher-mass QQ meson searches produced surprises
— A number of non-quarkonium meson candidates have been found.

— They have strong transitions to ordinary quarkonium states
— Corresponding states may exist in the s-quark sector

The bb system in the Y(5S) vicinity is very mysterious

— “factory” for producing charged bottomonium-like states

Lots to do at current & future experiments



Thank You
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