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Constituent Quark Model

mesons are bound states of a of quark and anti-quark:

7 =ud EOZ%(UT/—O’B) 7T = adu T = du
K=us K=0ds K=sd K =sU

baryons are bound state of 3 quarks:

p=uud n = udd A = uds
D=T0d T=udd A=Tds
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o Quarkonium Basics
¢, b -quarks are heavy: velocities are small:
m_ ~ 1.5 GeV ~1.6 m_; v/c~1/4 (for b b, v/c~0.1)
m, ~ 4.5 GeV 4.8 m_; non-relativistic QM applies
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Quarkonium vs Positronium
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et e” ->Y(4S) -> BB, where B is B* or B°

BaBar PRL 102 012001 (2009)

Belle took data at
E=10867+1 MaB
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et e ->hbb (Y(5S)) -> B®B™, B®B®x, BBnx, @ )

main motivation
for taking data at Y(5S),


Выступающий
Заметки для презентации
e^+e^-\to\Upsilon(4S)\to B\bar B
B\bar B\ {\rm threshold}
b\bar b


Puzzles of Y(5S) decays

: + o \MI -1
Anomalous production of Y(nS) n*x with 21.7 fb PRD82,091106R(2010)

PRL100,112001(2008) I'(MeV) g 0012
T(55) — T(1S)rTn~ 0.59+0.04 4 0.09 % 0001 ¢ yisym .

_ 0.008 |- #-Y(2S)x ;
T(55) — T (2S)rtr 0.8540.07 +0.16 Ems ) ++
T(55) — Y(3S)nTa~  0.527929 +0.10 02 = ..l ;
Y(25) — Y(1S)rTr 0.0060 el 4 ! *
T(SS) — T(lS)W+fl_ 0.0009 0.000 { : :
Y(4S) — Y(1S)rt 7~ 0.0019 06 ' E— ' '

(1) Rescattering Y(5S)—»>BBra—>Y(nS)nn
Simonov JETP Lett 87,147(2008)

(2) Exotic resonance Y}, near Y(5S)
analogue of Y(4260) resonance

with anomalous I'(J/y nt*w)
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R,, = o[bb] / c°[up]

0.1

. 10.75 1IZII.B 10135: 1IZII.9 10195 1I1 11.C
Dedicated energy scan = \'s (GeV)

shapes of R, and o(Ynn) different (2c)

Y(5S) is very interesting and not yet understood
Finally Belle recorded 121.4fb* data set at Y(5S)



Motivation

Observation of e*e — w*n h, by CLEO  arXiv:1104.2025

Ryan Mitchell @ CHARM2010

n*ah, at 4170 (Allv_ Modes)

70

60! ° o (e'e’ — n* x h) (scan data)
L e o(e'e’ — n* x h) (4170 data)

500 O o (e'e = at  Jp)

og(e’e” —x* " (h ,J/p)) (pb)

o Energy dependence
30 of the cross section o
20/
100
:\ | L1 ‘ I | ‘ I I | | I | | I |
£95 4.1 415 4.2 4.25 4.3

*e” Energy (GeV)
Enhancement of o(h, n*n'§

Events /5 MaV

140f- ﬁ
1201 CLEO

Preliminary

B3 3.45 3.5 3.55 3.6 365
' Recoil Mass [(GeV)

@ Y(4260) —> o(h, ') is enhanced @ Y,?
—> Belle search for h, In Y(5S) data 8



Events / 5 MeV/c’

Observation of h,(1P,2P)

e*e" - Y(5S) — hb(n reconstructed, use M ;¢ (T 1)

\/(Pe+e- _ Pn+n-)2

"
N
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g Y(11020)
S ool 11.00~
2 ool Y/(10860)
7 so ! PRL108,032001(2012) B ¥
. R res) @ 10.75~ T
40000 i i 0 ' :
o FAW cglisstrllbulc: 149 e
30000 | e TG ). GOV 105 Y —
: | , n,(3S) Y3S) ~
20000 |- reSIduaIS i hb(lp) ok A hb(ZP) Xb(ZP)
10000 - I r
: ny(28) L2S) L
0 - l]l.hypl%ﬂ%ﬂ }P‘p |.}IIH!1” i.ﬂllan'hIHJ{.hll 1004 AM,( 1P)l___|‘]t_)g_|:_’)_Xb(1P)
. AL B0 LT L L S PSRRI —
9.6 9.8 10 v (Gev/cz) 9.75__
Belle arxiv:1205.6351 i
AMpe(1P) = +0.8 + 1.1 MeY, ) sictent with zero 950 1as
AM,(2P) = +0.5 + 1.2 MeV/ ’ - 1,05)
HF as eXpeCted JjPC =D * 1~ 1+ (0,1,2)*F

Large h,(1,2P) production rates
c.f. CLEO e*e" — y(4170) > h_ '




D Observation of h, (1P,2P)

Events / 5 MeV/c’

e*e" - Y(5S) — hb(n reconstructed, use M ;¢ (T 1)

x1 2
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? 120 | 11.00__
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e | PRL108,032001(2012) | ¥
pe e res) Z] 1079~ T
40000 |- i i 0 ' :
o FAW d!strllbut!éo S - N
30000 | Y(15) ' MMOe ). GeV/e? 1050~ . —
: | , n,(3S) Y3S) ~
20000 |- reSIduaIS i hb(lp) ok A hb(ZP) Xb(ZP)
! £ T '\Qo\o o
10000 |
| g 28y X2S) L
0 lthﬂﬁ%ﬂ%ﬂ #]‘H '}”HH” i.ﬂllan'hIHJ%.hll 1004 o¢ h,(1P) Ap(1P)
| T 7 =
- ' Mps(Gev/e?) T Y &3\°
Belle arxiv:1205.6351 I
AMe(1P) = +0.8 £ 1.1 MeY,  \istent with zero 050~ 11S)
AM,(2P) = +0.5 + 1.2 MeV/ ’ - 1,0S)
HF as eXpeCted JjPC =D * 1~ 1+ (0,1,2)*F

Large h,(1,2P) production rates

c.f. CLEO e*e" — y(4170) > h_ ' h,(nP) decays are a source of n,(mS)
10
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«/> Observation of h, (1P,2P)—> n,(1S) y

e e
|
= Belle : 57.9 + 2.3 MeV

S iV 3 \ 3o I 1(11020)
g 10 andv:1205.6351 N PDG'12:69.3+2.8MeV ™~ o
mg 75 hy(1P)—s Np(1S) I _ I \ -
- '-“ we+ |BaBar Y(3S) % T
E 5 1 I n@ ZM(E
= kb i | —
<2 w7 H —e—i |BaBar Y(2S) 1950 35) (@S
= %o $ 4bde P 3 ( } ¥
Ng 0 AN N s A P B >\ I T_]b_ - M)M)
> —e— [CLEO Y(3S) 10.29~ —
2 Bl — 1) “ |Ii \ =
< 14 F nu(2Sy X2S) L
s 2 | } pNROCD ' LQCD 100¢- <= N, (1P) %p(1P)
.“_; | ::! """""""""""""" 30 i —
g A !,,Il'! H o SAOMHF?1OS), Vevic? ord ¥
= o R HTITY 1 Kniehl et al, PRL92,242001(2004) [ Y

886 9 i\g/llz('n)' 9( n 'g_fe')' L Meinel, PRD82,114502(2010) : o/,

miss AT S 1 AM, (1)
Mizuk et al. Belle PRL 109 (2012) 232002 JPC=D* 1 17 (012"

Belle result decreases tension with theory

First measurement I" = 10.8 *3:9 *3:> MeV
as expected 11



@ Observation of h (1P2P)—> np(1S) y

iy AMue(1S) 5. BaBar Y(3S)—>ynb(18
b Belle : 57.9 + 2.3 MeV £,

v

E 105_ arxiv:1205.6351 W\ PDG'12 : 69.3 + 2.8 |\/|€V54000:
2 thy(IP)— n,(1S) i e .Y _
= BaBar ) A
< 9 h -2000j M Xb(lp) -
'g: Y % S T S Y B E—1
o 25} E, (GeV)
2| >\ i ‘\@ﬂ‘;o‘;{ PRL103, 161801 (2009)
NU 0_ ?d i b
> | CLEO ; 00| BaBar Y(ZS)_)ynb(ls):
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< o T LA . Kniehl et al, PRL92,242001(2004

88 9 N o4 . 96, 98 Meinel, PRD82,114502(2010)
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Mizuk et al. Belle PRL 109 (2012) 232002
Belle result decreases tension with theory

First measurement I" = 10.8 *39 *3> MeV N in
exr " CLEO Y(SS)
as expected ol 22) .,

E(y) (GeV)
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Do First evidence for n,(2S)
e*e™—>Y(5S)—>h,(2P) m*n~ Mizuk et al. Belle PRL 109 (2012) 232002
—In,(2S) ¥ AM(2S) = 24.3 40 MeV

arxiv:1205.6351 —PRL First measurement

N‘Sg i
g 30 (o)
o [ PNRQCD LQCD
B 20f (25 Belle
| 4.2 i 1,
s
e O 2 03 04 05
R AM(2S) / AM(1S)
0 Cl In agreement with theory

1 1 1 1 1 1 1 1 1 1 1 1 1
9.7 9.8 9.9 10 10.1

(2) .
Miiss (T'TY)  [(2S) = 4 + 8 MeV, < 24MeV @ 90% C.L.
expect ~4MeV

Branching fractions ~ 456 0 Expectations
BF[h,(1P) > ny(1S) v] = 49.285.735%  41% Godfrey Rosner PRD66,014012(2002)
BF[h,(2P) — np(1S) v] = 22.3#3.831% 13%
BF[h,(2P) — n,(2S) y] = 47.5+10.5"%8 % 1904

—7.7

c.f. BESII BF[h(1P) = n.(1S) y] = 54.3+8.5 % 39%
13
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<> Anomalies in Y(55)—(bb)n*n~ transitions

11.00 —

Mass, GeV/c?
5
S
|

10.00:— Np(2S)

partial I"(ke

9.50
- Mp(1S)

&
5

9.755— / @

Y(11020)
Y(10860)

10.753— T

Y(1S)

Belle: PRL100, 112001 (2008) _10q
I'[Y(5S) —>Y(1,2,3S) wtm] >>17Y(4,3,2S) > Y(1S) m*n]

< Rescattering of on-shell B®B® ?

T(25)

Belle: PRL108, 032001 (2012)
% expect suppression ~Aqgcp/My,

N
@ s\@D Heavy Quark-Symmetry

Y(5S) > h,(1,2P) n*n~ are not suppressed

JPC=0+ 1~ 1+
h, production mechanism? = Study resonant structure in h (mP)r*r"

14



Resonant substructure of Y(5S) —» h, (1P) n'n

P(hp) = PY(SS) —

10.8
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Results

0.4 10.6 70.8
MM(rt"), GeV/c?

T, = 114+4°+21 MeV

o S 12000 f

-

In bins of MM(~7)

P(n*r) = M(hyrn") = MM(n") = measure 1{5S)—h,zryield
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© 10000
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6000 |
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data
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M, = 10605.1 + 2.2 730 MeV/ic2 ~BB* threshold

+1.0 +0.1
a=1.8"57 o5

M, = 10654.5 £ 2.5 710 MeV/c? ~B*B* threshold

r2_209+04+2$|v|ev

@ =188 T31 *3 degree

T

106

0.2

MM(r), GeV/c?

[preliminary]

Significances

2Vs.1l:7.4c (6.6 w/ syst)
2Vvs.0:18c (160 w/ syst)

non-res. amplitude ~0
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Resonant substructure of Y(5S) —» h,(2P) n*n

o, 10.75 2 B :
% 107 phaserspace MC Wy 17500} data
= —— o 15000
£ 1065 — = :
— £12500
= 06— o
— 1110000 f
10.55 ool e
| e PHSP_ [ [Th.
10.5F ’ ;_ 5000 F \ +
| compine : f :
10.45 o 2500 F
L ]
035 =705 106 107 4 70.45 105 10.55 106 10.65 1
: : : : : . .55 0. : 0.7
MM(r*), GeV/c? MM(r), GeV/c?
h,(1P)n"n" h,2P)n* [preliminary]
M, = 10605.1 & 2.2 730 MeVi/c? 10596 + 715 MeVic?
_ N 16 AT
r;=11.41373 72 MeV S 16 H0 115 Mev
_ . +10 ~ 2 . Yl
M, = 10654.5 + 2.5 110 MeVic2 & 10651 + 4 + 2 MeV/c? Significances
: ~
_ +5.4 42,1 & 11 +8
= 20917 757 MeV Q 12757 5 MeV 2Vs.1:2.76 (1.90 w/ syst)
o
a=187 2753 Q 1.3 131404 2Vs.0:6.30 (4.7c W/ syst)
@ =188 Tt “1degree 255 795 12, degree
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M(u*w), GeV/c?

Exclusive Y(5S) ->Y(nS) ©tr -

10.6
10.4
10.2
10
9.8
9.6
9.4

9.2

Y(5S) = Y(nS) n+n-

(n=1,2,3)
Y(nS) > ptu-

- ey

9 9.5 10 10.5
MM(r*n), GeV/c®
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<> Resonant structure of Y(55)-> (bb)r*n-

Y"(55) — hy(1P)n* Y(5S) —» h,(2P)n*n

212000} L7500} 2 Two peaks are observed
= 10000} MO NON-res. 2i5000F in all modes!
= sooo_ contribution 9125005 ohsp :
% 6000 F %‘10000; I_- Belle: PRL108, 232001 (2012)
& 4000} phsp @ 7500f Tl
2onf, thIJfH so00} | || 2,(10610) and Z,(10650)
: M 2500F: .
°k ﬁl 1111-]“ .H+ i 1|  should be multiquark states
20001 ."j I L 1 L E ------ 1 1 i 1
104 10.5 10.6 10.7 10.4 10.5 10.6 10.7
M[ hp(1P) n*] M[ hp(2P) n*] Dalitz plot analysis
/ \
Y(BS) YIS T X(5S) >Y@S)rw Y(5S) 5Y(3S)n'm
AR R SR R R R IR UL I UL BN I I A e e S AN EAAN
- [B AR N R > s i e B ]
2 el | note different scales : 1 % f :
L
! ! 1% ' > 8ol =
= 2 60| : ] 2 ]
3 0 X : ] = eof
% :':j 40 | : 1 :Jr-:i'
& £ f ! & 40f
] i ! [
%91 102 103 104 105 106 107 10€ 910-4 10.45 10.5 10.55 10.6 10.65 10.7 1(:;7 1?)53 10:52 l 10:66 | 10.70 10-.7-
M(Y(ls)n)m (GeV/cz) M(Y (285)7) oy (GeV/c?) M(Y (3S)7),.,, (GeV/c?)
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BELLE

11.00

10.75

[ERN
o
a1
(=)

Mass, GeV/c?
5
xR

10.00/—

Anomalies in Y(55)—(bb)m*n~ transitions

Y(11020)
Y(10860)

=

Belle: PRL100, 112001 (2008) _10q
I'[Y(5S) —>Y(1,2,3S) wtm] >>17Y(4,3,2S) > Y(1S) m*n]

< Rescattering of on-shell B®B® ?

T(25)

Belle: PRL108, 032001 (2012)

expect suppression ~Aqcp/My,

HWetry

Y(5S) > h,(1,2P) n*n~ are not suppressed

19



max? Ggev’/c!

M (¥ (28)7)

max’ GeV?/c*!

M? (Y (28) 1)

Y(5S)>Y(2S)n*n—: J°

Results
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100 [ TTrr I Trrr '[ Trrr [ TrTr I'[Y LI I I Trrr '| Trr ]
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- + = 80 —
Y(2S)mtmData | ! :
L - i ]
1 > C 1
M g 60 - .
114 n - §
n L ]
i B 40 - ]
L 5 L i
L > C ]
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12 i ]
i _| 1 3 PR AR WP e e ¢ v FR“JTLuéhFhl-ﬁ-L i ] t |_
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2
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0 0.8
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-« -« [ 1
14 4 Laaf 4 Lt .
L | '}u J '}z L ]
L ] o 7] ]
112 - B Héﬁz - - jﬁz - -
L ) n ® L
) Q@ | ]
110 - B 0l - ol E
| | i i i L ]
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BELLE
ﬂ:-n—n-rl—n-l-r Y(‘lS] —l-rv-l-v—l-rl-l—l—v-_l 'IWEl-l—rl—rl—v—rl-r Y(zs) RARRREREARS T!U;-“-. T
= T -1+ 1- 9+ - 1 00
g | P=1* 1" 2* 2 R
% L 1 8wl . A
- T o L
g Y
¥ [
f 2 é f
R B
M(Y(28)1)..., (GeV/c')
Zy(10650)  1F 1- 2+ 2~
Z3(10610)
1+ 0(0) 60(33) 42(33) 77 (63)
e 1~ 226 (47) 264 (73) 224 (68) 277 (106)
3 2+ 205 (33) 235 (104) 207 (87) 223 (128)
é 2~ 280 (09) 319 (111) 321 (110) 304 (125)
e Spin parity of Zb(10610) and Zb(10650) is 1*.
W (n'n), Gevi/c* All other J’<3 are excluded.
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<= Propertie of Z,(10610) & Z,(10650) “T»

Zb Obsewed in five different modes:  PRrL 108, 122001(2012) 12000

h,(1P)r
Tl TilS}n*rl: | 3 wb T(28)me [ % mll | | Tl[35;]l - 12222:
7 04 H%u 3w e g“’ 1 00l
B A 5 P ; _ .].
i J“. PJQ\J\"\‘L Ul S qlL i U.H 1
I . i 0 I Tt
T AR “"‘.;‘L:,‘“:"‘,":LL"“ o _EWULT il “. il |
Average Dm‘llﬂﬁﬁ channels Z,(10850) Average for Zb - 104 108 106 0.7
- —_—— I _._._ 17500
e | | | ; (M, ) =10607.242.0 MeV| o000 "
Y25 = —— L - —.
o = = = : (T;)=18.442.4 MeV | ™%
RS -:I' '1:- ":' "'g 10000 F
1Pir'w - —— —:-— - Te00F
v | | | T (M, ) = 10652.241.5 MeV | g0l
b, (2P n : : e — :,, o500l
Average . g i (T,)=11.512.2 MeV i
_1?;:.1 E;ﬂwm -m.ur.?.ﬂwm -lim.amum _“:Lr Eld-ww 10.4 1']-5 10.8 10.7
' " ' M, ...(7), GeV/c?
Z.° Results: 3
3L .
(M, ) = 106094746 MeV & o} Angular analystsf strongly
fol favors JP=1* assignement
Consistent with Z N ; ;
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Heavy quark structure in Z,
A.B.,A.Garmash,A.Milstein,R.Mizuk,M.Voloshin PRD84 054010 (arXiv:1105.4473)

—

Wave func. at large distance — B(*)B*
1 - - 1 .
‘Zbl> - —Zobb®1oq _ﬁlbb(@OQq
7\ _ 1 o1 1 BT
‘ b>_ﬁ0bb :I-Qq-l_ﬁl)b OQq

Explains
« Why hytt is unsuppressed relative to Ytrt
- Relative phase ~0 for Y and ~180° for h,,
» Production rates of Z,,(10610) and Z,(10650) are similar
* Widths —'—
e Dominant decays to B(*)B*

Other Possible Explanations

« Coupled channel resonances (l.V.Danilkin et al, arXiv:1106.1552)
e Cusp (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)
» Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)
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3-body Y(5S) -> B(*)B(*)n decays & rad. return to Y(4S)




o Y(5S)=>B*B!")t: Data

700
; 120
5% F MC: B*Brt - L=
~ & - ( t )
s F . 100 Data =i
o 400 F 4] i B*mt H
i ~ -
gaoo = % 80
% 200 [ = i *R*
& s Ty) - B*B*1mt
100 |- ~. 60 ~
p E el T EEEE FEERE FRER SRR FE RN YRR 2 L
45 46 47 48 49 5 51 52 53 54 55 + B J
rM(Bn), GeV/c® 8 40 — |
70 [ 5 ’ 4l
F ] el <
5 ”F MC: B*B*n Z 50| o 3 5 S
3 °F s
R T o O X XN
> | (shifted by 45MeV) B e e S
2 oF 5 5.1 5.2 5.3 5.4 5.5
5 b rM (BT) , GeV/c?
m -
> : . . . :
" 0| Red histogram — right sign Bt combinations;

%3 0% a7 as a3 3537855 ss  Hatched histogram — wrong sign Brt combinaticiis;
2 . . . . H
zM(BT), GeV/c Solid line — fit to right sign data.

Fit yields: N(BBm) = 0.3+ 14

N(BB*r) =184 + 19 (9.30) N(B*B*r)= 82+ 11 (5.70)
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BELLE

Nevents/5 MeV/c2

Y(5S)=>B B!")it: Signal Region

50 LI B I R B R LA B B BN B I L B 50 _' LI B l LI L LI B I I B B '_
L * D | : =
- BBt | Zb(1g610) = . B*B*nt Z,(10650) 51
__ -’?.- (@) BELE __ ™ __ BELLE _—
40 1 Z,(10610) + - Q 40 r 6.8 i
C Z,(10650) ’ > N Z,(10650) ]
z,(10610+ {0 | PhSp i
L PhSp . n - -
20 - 2,(10610) + 1 § 20 - IZ;;](;OGSO)J'_:
- Z,(10650) + 5 !: P ]
10 - PhSp _ g ) » |/l _-
L oesesess 1""4'! . i
: - F / "‘9’6%?4% ]
0 B 1 1 1 | 1 ] 0 L 1 I I 1 i i ._m’{&‘f&l’m’f‘i’ig‘ ]
10.75 10.6 10.65 10.7 10.75
rM(m), GeVv/c? rM(m) , Gev/c?

points — right sign Bt combinations (data);

lines - fit to data with various models (times PHSP, convolved with resolution
function = Gaussian with c=6MeV).

hatched histogram — background component

B*B*mt signal is well fit to just Z,(10650) signal alone

BB*nt data fits (almost) equally well to a sum of Z,(10610) and Z,(10650) or
to a sum of Z,(10610) and non-resonant.
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S Y(5S)->B*B(*)it: Results

BELLE

Branching fractions of Y(10680) decays (including neutral modes):

BBt < 0.60% (90%CL) To be compared with PRD 81 (2010)
BB*nr =4.25+0.44 £ 0.69% f(BB*n) =(7.3x2.2+0.8)%
B*B*r =2.12+0.29 £ 0.36% f(B*B*m) = (1.0+1.4+0.4)%

Assuming Z, decays are saturated by the already observed Y(nS)m, h,(mP)mt and
B(*)B* channels, one can calculate complete table of relative branching fractions:

Channel Fraction, %

Z(10610) Z,(10650)

T(1S)r ™" 0.32 4 0.09 0.24 + 0.07
T(28)7t 4.38 4+ 1.21 2.40 + 0.63
T(3S)r " 2.15 4 0.56 1.64 4 0.40
hy(1P)mt 2.81 4+ 1.10 7.43 4+ 2.70
hy(2P)mt 4.34 4+ 2.07 14.8 + 6.22
Bt B* 4+ pop*t 86.0 + 3.6 —

B*t+ p*0 — 734+ 7.0

B(*)B* channels dominate Z, decays ! 57



Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

Observation of Z_(3900) at BESIII

BESIII: 525pb'@4.26 GeV

1':][]_—
80+
60 -

40

201y

88588

=

—4- Data
= Tptal fit
Significance N
i >8c + [ sidebana
I
sl
- |1.+

—
o
LI

3.7 3.8 3.9 4.0
M (T2 (GeV/c?)

- data

~Fit

— Bachkground
===« PHSP MC

37 38 39 4 4.1 4.2
Mo (/) (GEV/E?)

MB(nr) (GeV/c?)?

Belle: PRL 110,
252002(2013)

J0 11 12 13 14 15 16 17 18
MA(mrd/y) (GeV/c?)?

BESIII: PRL110, 252001 (2013)
* M =3899.0+3.6+4.9 MeV

« ['=461+10+20 MeV
* 307 +48 events

The mass position is 24 MeV away
from DD* threshold!
A Partial wave analysis is on going!
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Observation of Z (3885) in e*e -> t(D*D)*

525 pb-1 @ 4.260 GeV BESIIIL: 1310.1163

04
“ 20 o [ P 1-
70 B ot S 5 "
8o0F S :
= 60 = > ﬂfﬁ ) o
< 50 < 60- [l @ E oy
2 30 £ 40- [ | 2 o "
5 20 l‘.lc.'.‘r EU:— } + % Gl
- 10 > C o + = 0
w Dk ! L 0L ".'-‘.l....l MM EMPEIPE PRI | LLI:]I:]
3.85 3.90 3.95 4.00 4.05 410 4.1¢ 3.85 3.90 3.95 400 4.05 410 415 ¢
M(DOD*‘) (GeV!CQ) M(D'l"D*D) {GEVJFCE) 0102 'I].H| 0.4 {lg ||}.E'- 07 08 09
cos 0,

= M =3883.9+1.5+42 MeV: I = 24.8+3 3+11.0 MeV
m G X B = 85.3+6.6+22.0 pb

® fits favor 1 distribution assumption

fit with mass-dependenf-width BW with phase space and
efficiency correction

[(Z.(3885)+DD*)
Assuming Z.(3885) due to Z_(3?00)
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Observation of Z (4020) in e*e -> h_ t*m

b 2(GeV/c?)

W 120+
& 100f %4
I iz
S g’
5 F 20
= ; 2
E ﬁ“. §1 .
= 40 =9 39 40 4r
i M., (GeVie?)
20-
'E.'mlu_li'-l:r.

£o5 200 405 410 415 420 h{.’:s
M, (GeV/c?)

181
17t
16

151

14

T AR ENRT R AR AT AT TETE R AT A
130 01 02 03 04 05 06 07 08
M2._(GeV/c?)

BESIII: 1309.1896

Simultaneous fit to
4.23/4.26/4.36 GeV data, 16 1,
decay modes.

M =4022.9+0.842.7 MeV/c?
I'=79+£274+2.6 MeV

—_
o

Significance: 8.9c (21.(4020))
No significant Z_(3900) (2.1c)

o == N W A 00O O N o O
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Observation of Z_(4025) in e*e -> t(D*D*)*

NN
o
(=]

([
o
o

-
o
o

Events / ( 7.5 MeV/c?)
S
()

[ —%— data —-— Z_(4025)
B ws - PHSP
[ e Argus fit to sidebands
: +
*
- R
4...............5 l — l ........... >
|_]| .

205 21 215 22
RM(D)+M(D")-m(D") (GeV/c?)

Fit to * recoil mass yields 401447 Z_(4025) events. >10c
M(Z.(4025)) = 4026.3+2.613.7 MeV: 1(Z.(4025)) =24.8+5.6+7.7 MeV

80F —4-data  —- Z(4025)

70 — — total fit -~ comb, BKG
- - PHSP signal

60 B ws

. BESIII: 1308.2760
40F

[ B
o O
LI I LU I LI

Events / ( 2.5 MeV/c*)

—n
o
TT T[T

402 404 406 408
RM(r) (GeV/c?)

R

o (8 - 27 (4025)-> 7 (D))

¢ (& — 2OV

olde —> WD) = 137+ 9+ 15 pb
— (6504 6)'11
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Summary of the Z_states

Mass (MeV/c?) Width (MeV)

=Ty 3899.0+-3.6+49 46+10+20 _
Close to D D*

(D D¥)* 3883.9+15+42 248+3.3+11.0 threshold (3875 MeV)

2c difference | ¢ difference

n=h 4022.9+08+2.7 T79+27+26

C

L Close to D* D* threshold
(D* D¥)* 4026.3+2.6+37 248+56%77 @017 mMeV)

1o difference 2o difference

" At least 4-quarks; Charged; Near threshold;
" Couples to DD final states larger than charmonium final states;
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Charged Upsilon-like
structure

Z;, are very close to B_B*,
B*B* threshold

IG JP{{JJ=1+ 1+ )

Observed both in the
hidden-bottom modes:
nY(15,25,38), &t hh(lP,ZP)
and open-bottom modes:
BB+, B*B*

B(*)_B* domonate Z;, decays
with the branching ratio
86% and 73%

Bottomonium-like vs Charmoniume-like states

Charged charmonium-like
structure

Z. are very close to ﬁD*,
D*D* threshold

[GJPC)=1t 1T O

Observed both in the hidden-
charm modes: n J/y, 7 h, and

open-charm modes: DD*,
D*D*

DD* dominates Z_(3900)
decay
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SuperKEKB

Belle Il

New IR |

New superconducting
/permanent final
focusing quads near the

[ &
New beam pipe
IP

& bellows

Replace short dipole
with longer ones (LER)

3 ) o
' Add / modify RF system
| ’EH, “:HL:H:HEH 1':{: ~|  Lowemittance

for higher beam current
positrons to inject

Redesign the lattices of HER —
& LER to squeeze the Damping ring ” N~

emittance —u&

Low emittance gun

Positron source

[NEG Pump]

Low emittance

electrons to inject New positron target /

capture section

[SR Channel]
[Beam Channel]

TiN-coated beam pipe with antechambers To aim )(40 |uminOSity




First measurements

“ :;%_ - Belle

= —~- Babar

. A ann

M4E N | C

1135:* i” | ||”|’ |H||||i-| i+|+ii ﬂ{i‘l ‘;Wr !-. | H* |}'|II lli“

0.25 §—| | | H*{ﬁ‘ﬁl t ”n”*li | t

“‘?u:é | '1':tlﬁ's' ETEARETR AT '1'01;(55'5)-'11029'114 EB:"&' | '1I*;I'.('6'S*|)1$:|;b-'1 1.1
s o . : . . . : %

= Measurements of the Y(nS)n*n", h,t*n" cross-section vs energy
® Z,'s cross-section

® Radiative and hadronic transitions
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Heavy quark structure in Z,
A.B.,A.Garmash,A.Milstein,R.Mizuk,M.Voloshin PRD84 054010 (arXiv:1105.4473)

B‘F

Wave func. at large distance — B(*)B*
1 - - 1 .
‘Zbl> - —Zobb®1oq _ﬁlbb(@OQq
7\ _ 1 o1 1 BT
‘ b>_ﬁ0bb :I-Qq-l_ﬁl)b OQq

Explains

« Why hytt is unsuppressed relative to Ytrt
- Relative phase ~0 for Y and ~180° for h,,

» Production rates of Z,,(10610) and Z,(10650) are similar
* Widths —'—

Predicts

» Existence of other similar states
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arXiv:1105.5829

Z,)

1 1,
ﬁObb(@]-Qq _ﬁlbb®OQq
2,)= 750481+ 1,806

3 -1
Wb0> - TObb ®0Qq _Elbb ®1Qq
1 - - 3
W,)=20,80,+ 21, o1,
Wb1> = (:L;b ®1Qq).]:1
Wb2> = (]_;b ®£q)a—2
U
mEEm | YT EEE

Z,

WbO

0(1%) 1*(1*) 0*(0*) 1(0%)

12GeV

Xb Wbl
0*(1%) 1:(1%)

@ BR*

Wy,
0% (29 129 0 (1)

1G(JP)37



I
D Summary
m The first exotic bottomonium-like Z,* states were discovered
in decays to Y(1S)r*, Y(2S)=*, Y(3S)=n*, h,(1P)x*, h (2P)r*
= Spin parity of Zbsis 1*
m Zbs mainly decay to BB* and B*B*final states
Z,(10610) dominantly decays to BB*, but Z,(10650) to B*B*
Decay fraction of Z,(10650) to BB* is currently not statistically
significant, but at least less than to B*B*
= Phase space of Y(5S5)->B(*)B*r is tiny, relative motion B(*)B*is
small, which is favorable to the formation of the molecular type
states

= Y(5S) [and possible Y(6S)] is ideal factory of molecular states
= |n heavy quark limit we can expect more molecular states in

vicinity of the BB, BB* and B*B*. To study the new states we
need the energy up to 12GeV

Studies of Z,’s properties may help us to
understand exotic states in charm sector -



We enter the new region —
Physics of Highly Excited
Quarkonium
or/and
Chemistry of Heavy Flavor

We can expect much more from
Super B factory

39



Back up slides



M~10.2-10.3 GeV

M~ 10.5-10.8 GeV

M~9.4, 11 GeV

Tetraquark?

Ying Cui, Xiao-lin Chen, Wei-Zhen Deng,

Shi-Lin Zhu, High Energy Phys.Nucl.Phys.31:7-13, 2007
(hep-ph/0607226)

Tao Guo, Lu Cao, Ming-Zhen Zhou, Hong Chen, (1106.2284)

M.Karliner, H.Lipkin, (0802.0649)
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Coupled channel resonance?
|.V.Danilkin, V.D.Orlovsky, Yu.Simonov arXiv:1106.1552

o n
Q ! Q 0
¢ 2Q) 7Q) '
T T T
n n’ < >_ n'
Q Q Q

No interaction between B(*)B* or Y= is needed to form resonance

No other resonances predicted

j Z,(10610) jzbmoescn
Ytsy'n - — = B(*)B* interaction switched on =
YEs)'T —~ — + —— individual mass in every channel?
Y(3S)n'n -d— —-'- "*' "'"
hy(1P)n'n - —— - ——
h(2P)r'n  fe— | . : —

42



Cusp?

D.Bugg Europhys.Lett.96 (2011) (arXiv:1105.5492)

: Line-shape
Amplitude P
(a) Int 1.5 + (b
T ImT
H 13 \‘ 1 B
0.5 - A
T(5S) [ReT N 05 L rer
. D 0 ]
‘-“.'- ﬂ'_ ~ __ =
-0.5 ' ] ' ! -0.5 '
10.58 10.805 10.63 10.64
Mass (Gel)
Not a resonance
TiL @ | 2 (b)
0.5 - i
P N S—
10.74 10.8048
05 j . ! | . |
0 1 Q 1
Re T ReT

|
10.66
Mass (GelV)



cos (i)

T T T T T T

T

cosll )

o = TR
v URBESE S TS
W 2,(10610)
L F :n-[l.l:;,‘} o

Evenks/0.1
-8 s 88 BEEE

Z[plane(n,, Z-axis) ,
plane(rn*n)]

(b} Win'n)-0.14b
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= Y(55)— Y (nS)nn?

Events/ 10 MeV/c*

Y(1,2,35)> ', e'e’, Y(25)>Y(1S)n*

Y(1S)[I*"] 7t mOnO

p o etenonf
of Y(2s) % d: § f:‘ T2s)
m Y(1S) EEO Y(2s) w ;E
N EN B
NN AR

!

t i

reflection

00 2 0_0 2
M (Tt ), GeVic M, . (n ), GeVic

cle*te—>Y(5S)—>Y(1S)n’n?] = (1.16+0.06+0.10) pb

cle*te—>Y(5S)—>Y(2S)n’n?] = (1.87+0.11+0.23) pb

olete—>Y(5S)—>Y(3S)nn°] = (0.98+0.24+0.19) pb
Consistent with % of Y(nS)mt*

arXiv:1308.2646, accepted for publication in Phys. Rev. D

10.1

10.2

10.3 10.4
M(Yr'n), GeVic?
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L
mlllllll"’l
60 |-

(Eventa/10 MaV/c Iy
&

=
=

| X e

{a) MWig'e)=0_200V /"

J :

Q54 S0z 103 104 105 106 407 108

M(Y(18)m) . (GeV/e!)

120 SEUARBALAERAL R BARIY BARLE LALL BAAES
cwf @ 4
+ |k ! ]
" iy
g of ot 3
§ 9F M"L I
é:m'E "+t+:*d:+'f m'

%3 .

Improv
due to

of o state

ement
60 ;-
inclusion
“r

¥y

2

(Events/5 MeV/c')

(Events/10 MeV/c’)

ik i
04 06 08 10 12 14

16

A Y(25) e

Y(39) |

. Resonant behavior of Z, amplitudes
: (intensity & phase).

A0 rerrper —— 120 - 1l32) h+r prr 1
F (B} W (n'n)>0.14Gev/c" X E () N(rm)-0.1008vc" 3
B |- 1 <™ f
-k M @ A R :
'f LM# | i“ o wf - :
o T UK {5 ! 5
Tt B b 4 4T :
o - '+' 4 | =] E 20 F_ H‘ I !i'-*!-_hr _:
: % 3 E e P 5
‘ﬁj 10.45 105 1055 106 1085 10.7 10.75 ?ﬂ._ﬂ .‘Iﬂ.ljl‘l 10.64 ﬂl.;? 10.7 1|;J'E
M(Y(28)7) ., (GeV/c’) M(Y(38)m) .. (Gev/e)
120 8 | T | T
mbE @ ~ b B ]
ol btk 1 37 N
é WIS 1 5 uf EIATE
o3 il L g wp T 4
s i g | 173
g HE): |
ol S ol |
%2 0304 "5 o6 o7 o8 T v e ¢
_ M(('T), (GeV/c) MiT'T), (GeV/c')
yH1  © | BW amplitudes describe Z, states very well.

tha
—
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Ly >

<= Y(2S)nn® Dalitz analysis

arXiv:1308.2646 M(s1,82) =Az1+Azo+ Ap, + Ap, + Anr

35:llll|lll||||||||||||"'||'|"|"": 18 LI L L L [ L I L L L IO O
B . 0 . B . i
. 30F with Z,0 w/o Z,” 3 : with Z,0 0 -
v F b 1« [ b w/o Z,.° ]
~ L 3 0
S a5k \ = g i 1 i
Q . 3 > 12 | —
= B n %
o 20 - i ’
— B ] <H = -
S 15F - Py i 1
s - . 2 6
g 10 ] 0 -
5 F r - n
0 [ 25 H 0 L1 & iz
10.4 1045 10.5 1055 10.6 10.65 10.7 10.75 10.58 10.6 10.62 10.64 10.66 10.68 10.7 10.72 10.74
M(Y(28)m)__, Gev/c? M(Y(38)n"),,,, GeV/c

®m 7,9 resonant structure has been observed in Y(2S)m®n® and Y(3S)m%r®
® Statistical significance of Z,°(10610) signal is 6.50 including systematics
m Z,910650) signal is not significant (~2a), not contradicting with its existence

® Z7,9(10610) mass from the fit M=10609 * 4 £ 4 MeV/c?  M(Z,*)=10607%2 MeV/c?
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Ly >

<  Y(5S)=>B*B")m: B Reconstruction

2500 h ;
Charged B:
. Data :"D:
~000 n— — DO[Km, K re
N,E{ = J/[pp] K
% :
=1500 - Neutral B:
& I ) — D*[Knur]m
EWDU B LL“H%% =)/ G [up] K*O
g | — D**[Kre, Kru, Koo
5 500 -
s Effective B fraction:
D P T TN T AN TR SR TN S N I S U U O T IO R Br[B%f] = (143115) X 10-5
5 5.1 5.2 5.3 5.4 5.5

M(B), GeV/c’

B candidate invariant mass distribution. All modes combined. Select B signal
within 30-40 MeV (depending on B decay mode) around B nominal mass.

48



Selection

Decay chain  y(58) 57w «—

Ly (nP) 7 reconstruct
— Np(MS) v

R,<0.3
Hadronic event selection; continuum suppression using event shape; n° veto.

Require intermediate Z,,: 10.59 < MM(m) < 10.67 GeV

(o]

© [
> 12000 F
Q [

oM
o
o
o
o

T

8000 bg. suppression x5.2

Events / 1

6000

o % ____________ gt
il ﬁﬁ% i T

2 N X X M T ] M X |
10.4 10.5 10.6 10.7
MM(r), GeV/c?
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x 102

M iss(T7 ) Spectrum

requirement of intermediate Z,

2000

1800 F

Events / 5 I\ﬂeV/c2

1600 |
1400 F
1200

1000 |

15000

10000

Events / 5 I\/’leV/c2

5000 |

|

| K

|
|

9.9 10 10.1
MM(r'), GeV/c?

Update of M [h,(1P)] :

(9899.0 + 0.4 + 1.0) MeV /2
AMye [hy(1P)] = (+0.8 + 1.1)MeV/c?

Previous Belle meas.: arXiv:1103.3411

(9898.3 £ 1.17)) MeV /c?
AMe [Ny (1P)] = (+1.6 + 1.5)MeV/c?
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BELLE

Results of fits to M,,;.(n'n") spectra

$ 1o} hy(1P) yield N
= ! Ms(2S)
o b
m; 5: +|'*|| IWM Peaking background?
N i |+||| M'III||| MC simulation = none.
o 0 ;. T ||“hl+|&ﬁ’,_l‘|ﬂl|*£l!| !!M! Jrl :
()] [
> 10: Y(2S) yield |
] |
”M no significant
st ||| «~/ structures
m
0 b +',mﬁ.mlql“'f*?ﬂfﬂ,WWIf‘j..!l.ii.l...... ....... —
| Reflection yield

|

86 88 9 92 094 096 I92.8 51
+ -
AM_ (n'Ty), GeV/c

0 'Eﬁ*ﬁ“*i'ﬂ"']Wi‘*"l!'-llﬂwwwﬂlil}w IIHNNM M Il}




Calibration

Use decays BT = ., K* = (JAy y) K*

Photon energy spectrum

—
N

 MC simulation

—
N

Np(1P) =>np(1S)y

Xe1 > Iy
C0SOp >—0.2

Yield, 10% / 2 MeV/c?
>

o N & o oo
R L B B MR B

03 04 05 08
E_ . (1), GeVic?

coSOe (%c1)> — 0.2 = match y energy of signal & callibration channels
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Calibration (2)

Resolution: double-sided CrystalBall function with asymmetric core

»00 Ldata
"AE s.b. subtracted H

150

Events / 5 MeV/c?

100 |

50 |

1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 +
9.44 3.46 3.48 3.5 3.52 3.54

M(J/yy), GeV/c?

= Correction of MC
mass shift ~ —0.7 +0.3 *22 MeV

fudge-factor

) 1.15+0.06 + 0.06
for resolution
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Integrated Luminosity at B-factories

(fot) asymmetric e*e” collisions

1200 ————————
—KEKB

ot

1000 |

ey

|

Vel

7

400 |

//

200 |

./_I

7.

> 1 abt!
On resonance:

Y(3S): 3 fbl
Y(2S): 24 bl
Y(1S): 6 fb!

Off reson./scan :

~100 fb-1

530 fb-1
On resonance:
Y(4S): 433 fbl
Y (3S): 30 fbt
Y (2S): 14 bt

Off reson./scan :

~54 fb-1

199871 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

Bs Y(43): 711 !
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Description of fit to MM(rt*™ 1)

Three fit regions

x 102
Example of fit & 1400F 2
o X107 & = g 1 /;\
> = r L
2 5000 “ ool
3 I soof | b b
4500 o o s
400F | o o
4000 200F | L
3500- or :9:5 575 : 1'c; 10225‘ 10\.52
MM(n" '), GeV/c
so00p,” BG: Chebyshev polynomial, 6™ or 7t order
Basooo] ) Residuals|  Signal: shape is fixed from p*pn*n data
20000 “Residuals” — subtract polynomial from data points
515000 - Ks contribution: subtract bin-by-bin
10000 - R - - Klnematic &, 12000
R osp “boundar s |
5000 Ea.s?s_- boun ary ?10000_‘ NWMW
iy 2 e | ™
0525 ‘generic - - [
WU =} Ko generle. ot |
93 94 95 96 97 98 N : |
MM ('), GeV/c? PTEL L & o !
s Y(3S)i - :
U'?a-_{' 7095 102 7025 103 ibs.%g;‘ 15.4 ?0-.1 7075 102 ‘10525‘_?_5_'.3.‘ 10"?5:‘ 104

MM (rt+7-) MM (rt+7-)



(Events/5 MeV/czl

(Events/5 MeV/c?)

70 T T T T T .
60 E— {b) 10.5Gev< M(Ya)_ < 10.6GeV —E
50 - ’ -
40 B
30 - B
20 F =
10 - ]
p b ley, 'H+ M—
02 03 04 O05 06 07 08 09
M(n'nT), (Gev/cD)
50 _I TrT [ TTIrr '| TrorrT | TrorT [ TIrrr I Trrr TTT I_
(b) 10.4GeV< M(Y¥m)_,, < 10.5GeV
40 —
0 L o e & I_
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Results: Y(5S)—Y(2S)m -
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Results: Y(1S)a* o

GELLE

60 f
50F
aof
30f
20f

10 F

s K T R SRR R

signals

70
60
50
40
30
20
10

0

(Events/10 MeV/c?)

80

60

40

20

M(Y(LS)r), GeV

reflections

0.5

m :

10.6

10.7 108

M(Y(18)7) s (GeV/c?)

(Events/20 MeV/c?)

60

40

20

M(Y(1S)7), GeV

02 04 06 08 1.0

12 14 16
M(n*n’), (Gev/c?)

58



(Events/5 Mev/cz)

Results: Y(2S)mx
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> Summary of Z, parameters
Z,(10610) Z,(10650)

Average over 5 channels Y(1S)n'n - 0 i ———
(M) =10607.242.0 Mev Y™ [ 8 — B | B
(I'y)=18.44+2.4MeV  Y@Sn'm - — + ~

h,(1P)' - ¥ | 8 .
(M, ) = 10652.241.5 MeV | | g |
h (2Pt T —— PN S —— .|
(T,)=11.5+22Mev "7 | | | |
Average -f— —f— f -f—
”I1I(I]”|O””1|DI IIIII 1ICI}” 0 I”’IIDI IIIII 1|(I]”I0””1IOI” -1IO 0 ”‘IID
AM, MeV AT, MeV AM, MeV AT, MeV
Final state Y(1S)7 7~ Y287 n~ Y(3S)nTn~ ho(1P)nT ™ hy(2P)ntm™
M([Z,(10610)], MeV/c? 10611 +4+3 10609 £2+3 10608 +2+3 10605277 10599757

I[Z,(10610)], MeV 223+ 7.7+
M[Z,(10650)], MeV /c* 10657 &6 + 3

24.2 4+ 3.1120
10651 =2+ 3

17.6 £3.0+ 3.0
10652 £ 1 £2

+4.5+2.1
114 567705

10654 4+ 3 13

o +1049
l!.i _8_~;

1065172+3

I'[Z,(10650)], MeV 16.34+9.8750 133433750 84+20+20 209733 2L 1947l
Rel. normalization 0.57 £ 0.2170:0% 0.86 +0.117003 0.96 + 0.141068 1.39 £ 0.377902  1.670:5T0-%
Rel. phase, degrees 58 + 4315 —13+137  —9+19%5; 187heats 181155
Z,,(10610) yield ~ Z,,(10650) yield in every channel
Relative phases: 0° for Yrr and 180° for h,nr
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> Summary of Z, parameters
Z,(10610) Z,(10650)
Average over 5 channels Y(1S)n'n - 0 i ———
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R.(:,l. M(h,7), GeV/c2 M(Y(28)7) ... (GeV/c?) 4
Rel. )5—109

Z,,(10610) yield ~ Z,,(10650) yield in every channel
Relative phases: 0° for Yo and 180° for hynr 62



h, reconstruction ¥
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Ly >

L2 Branching Fractions

Y(nS)rt*t production cross section (corrected for the ISR) at sqrt(s) = 10.865 GeV:

o(ete> Y(1S) mt*rr
o(ete> Y(2S) n*rr
o(ete=> Y(3S) it

Fractions of individual sub-modes:

[2.27 £ 0.12(stat.) £ 0.09(syst.)] pb
[4.07 £ 0.16(stat.) = 0.45(syst.)] pb
[1.46 £ 0.09(stat.) = 0.16(syst.)] pb

Final state

YT(1S)ntm—

T(2S)ntaw—

T(3S)n 7

Z(10610)7*, %
Z(10650)7*, %
f2(1270), %

Total S—wave, %

4.84+1.27135

401.16
0.87 +£0.327,15
14.6 +1.5763

86.5 + 3.2732

18.1 +3.1142

0.9
4.05 +£1.2772

4.09 +1.079:33

101.0 £ 4.2752

30.0 + 6.3134
2.6
13.3+ 36775

44.0 +6.211%

he(1P)m

hy (2P

non-resonant %
Zp(10610) %

Z(10650) 5 %

g o+89.5 6.7
43‘3—1.2.? —0.5.

G{]g+ L3 +4.1

—21.1 —3.8

‘qr 9+15.6 +0.1
\3”-“—9.4 —13.4

{34 S+15.2 +6.7T

—11.4 —15.5
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State
N (13372)

X (3915)
X(3940)

G(3900)
Y (4008)
21 (4060) 1
¥ {4140)
X (4160)
Z2(4250)"
¥ (4260)

r(1274)
X (4350)
¥ (4360)
Z(a430)*
X(4630)
¥ (4660)

m [MeV)

' [MeV) J°C¢

Process [mode)

3871524020 13408 17727~ B o K(n*nJ/4))

J59l66 1+ 4.1

394273
3943 =21
008t
4061743

4143.4 + 3.0

429
4156592

af
248
263+ 5

42744784
4950 6731
4353+ 11
4443758
4634° Y
4664412

(=2.2)

2HEI0 02T

ET—_FIE; -?'.'+
52+11 1~
2G0T 1=
gatal 7
152 T
L e S L
1777 ?
108+ 14 1~
¥ AT 7t
13.97184 ot
96+142 1=
(1 g ?

gztil 1
4R+15 1~

pp—= (nra Ay + .
B = K(wlfe)

B = K(D" D

B = K(13/y)

B —+ K(v¢(25))

B~ K(wd )

e"e” = ete (wd /i)
eTeT = J/p[DD)
eTeT = ...rlil1|!2' [1||
et e 3 v(DD)

ete” 3 ylx" 7" Ji¥)
By K(r' xa(1P))
B =+ K{gJ/y)

ete” = Jjp(DD")
B = K(r*x.(1P))
eteT - wlxTw S )

et e” = (ata~J/¢)
eTe” = (7w i)
B — K(¢J/ v

eTeT 3 |:+t_l:_qfl.flf1;'.'|}

et e” = w(r 7w w(28))

B — K(r*y(29))

e e 3 v(ALA)
+

eTe” = ylx 7 L{25))

Experiment. (#a)

Hielle [85, 80) (12 8), BARAR |R7] (8.6)
CDF [88-90] {np), DA [91] (5.2)
Belle [92] (4.3), BaBar [93] (4.0)

Belle [94, 95] (6.4), BABAR [96] [4.9)

Belle [02] (4.0, BAB4R (07, 08] (3.6)
BABAR 98] (3.5, Belle [00] (0.1)

Belle [100] (8.1), HAHAR [101] (19)

Belle [102] (7.7)

Belle [103] (6.0)
Belle [34] (5.0)

BABAR [27] (np), Belle [21] (np)

Belle [104] (7.4)
Belle [106] (5.0)
CDF [106, 107] (5.0)
Helle [103] (5.5)
Belle [105] (5.0)
HAHAR rlﬂﬁ, II'IFI| (8.0)
CLEO [110] (5.4)
Belle [104] (15)
CLEQ [111] (11)
CLEO [111] (5.1)
CDF [107] (3.1)
Belle [112] (3.2)

BAEAR [113] (np), Belle [114] (8.0)

Belle [113, 116] (6.4)
Belle [25] (8.2)
Helle [114] (5.8)

2003

2004

2007

2007
2007
2004
2004
2007
2008
2005

2010
2009
2007
2007
2007
2007

65



The X(3872) in B2>K ntnJ/hy
discovered by Belle (140/fb)

PRL 91, 262001 (2003)
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What about other color-singlet combinations?

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

Pentaquark: H-diBaryon

ud
S=+1 Baryon U
Glueball

. g Ud
tightly bound i
6-quark state ~ d S

: . 9
Color-singlet multi-an,

gluon bound state%@@@
Q
Tetraquark mesons J O
tightly bound C loosely bognd@n
diquark-diantiquark™ f u meson-antimeson - ©
“molecule” \9)

qg-gluon hybrid mesons c-ﬁw
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