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Heavy Quarkonia are ideal tool for testing QCD



Events/ (10 MeV/cz)

Discovery of Z,
In analysis of Y(5S)—=>h, (mP)r*n~ and Y(5S)-=>Y(nS)r*n~
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Summary of Z, parameters

Z,(10610)
Average over 5 channels Y(18)n'n i —— .
(M, )=10607.242.0 MeV  yps)'x | 8 . |
< Fl > = 18.412.4 MeV Y(3S)T[+TE_ _ih_ _qi_ i
M(BB*)=10604.8 + 0.4 MeV ) | | |
h (1P)t = . . | .
(M, )=10652.2£1.5 MeV N@Pmn | —— — N B | I
(T,)=11.5+22 MeV  Average + + + +
KR\ — B I R TV IR o N R Ve N R T R | R N T
M(B*B")=10650.4 £ 0.8 MeV AM, MeV AT, MeV AM, MeV AT, MeV
Final state T(1S)rtm™ T2S)rtn™ Y(3S) ™ ho(1P)r ™ hy(2P)m o™
M|[Z,(10610)], MeV /c® 10611 £44+3 10609 £2+3 10608 £2+3  10605+27F 10599757
I'(Z,(10610)], MeV 2234+ 77500 242431750 176+£3.0+£30 11.475577) 13 0t
M{[Z,(10650)], MeV /c®> 10657 £6+3 10651 £2+3 10652+ 14+2 10654 +37F) 106517273
I'[Z,(10650)], MeV 16.3+9.8759  13.3+£33730 84+20+20 2095421 1947t
Rel. normalization 0.57 £0.2175 51 0.86 £ 0.117005 0.96 + 0.141908 1.39 £0.37750:  1.675510%
Rel. phase, degrees 58 + 431 —13+137" 94197 187 223 181790,
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Y(5S)—B"'B®™x: Selection

Masses of Z,(10610) and Z,(10650) are close to BB* and B*B* threshold.

Search for Y(5S) —Z,r decay with Z,—B{*)B*; reconstruct only one B and prompt pion
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Events/ (10 MeV/c)

Events/ (10 MeV/c)
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Y(5S)—B*B™r: Fit

5 120
- MC: B*Bn
3 ~ 100
s v
N
3 v 80
- =
C LN
E ~ 60
E il sl ....I....I....I....I....I..lh"-l.“.. 1)
45 46 47 48 49 5 51 52 53 54 55 +
rM(BT), GeV/c? g 40
>
7 ]
- MC: B¥B*n Z 20
(shifted by 45MeV)
0

45 46 47 48 49 5 51 52 53 54 55

il | | 1N

rM(BT), GeV/c”

Recoil mass to B combinations
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Red histogram: right charge combination Bm;
Hatched histogram: wrong charge combination;

The curve show the fit to the data.

Fit yields: N(BBT) = 0.3%14

arXiv:1209.6450

N(BB*Tr) =184 + 19 (9.30) N(B*B*m)= 82*11 (5.70)



Nevents/5 MeV/ c?

Y(5S)—B*B"xa: Search for Z,
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Points represent the data.
Curves show the fit with various models. arXiv:1209.6450
Hatched histogram is the background contribution.

B*B*1mr candidates are well described by Z,(10650) only contribution.
BB*1r can be described by two models:
Z,(10610) + Z,(10650);
Z,(10610) + non-resonant amplitude. 8



Z,, branching fractions

Y(5S) branching fractions:

BBt  <0.60% (90%CL) To be compared with PRD 81 (2010)
BB*nt =4.25+0.44 +£0.69% f(BB*n) =(7.3+2.2+0.8)%
B*B*r =2.12+0.29 £ 0.36% f(B*B*n) = (1.0+1.4+0.4)%

Assuming Z, decaying to Y(nS)r, h,(mP)r and B(*)B*only: arXiv:1209.6450

Channel Fraction, %

Z(10610) Z,(10650)

T(15)r+ 0.32 + 0.09 0.24 4+ 0.07
T(25)rt 4.38 +1.21 2.40 4+ 0.63
T(35)rt 2.15 + 0.56 1.64 + 0.40
hy(1P)m T 2.81 +1.10 7.43 4+ 2.70
hy(2P)m T 4.34 +2.07 14.8 4+ 6.22
Bt B* + BOp*t 86.0 + 3.6 —

B*t [B*0 - 7344+ 7.0

B(*)B* - is the dominant mode of Z, decays 9



Events/ 10 MeV/c?

Y(5S)—>Y(nS)n'r”

Y(1,2,3S)—>utu, ete;, Y(2S)—>Y(1S)rn*
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Consistent with % of Y(nS)wt*n 10



Y(2S)n’n” Dalitz analysis

arXiv:1207.4345 M(s1,59) =Az1 +Azo+ A, + Ap, + AN

with Z,0  wio Z,°
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® Z,°resonant structure is observed in Y(2S)nn°
W Statistical significance of Z,°(10610) signal is 5.36 (4.9 with systematics)
W Z7,°(10650) signal is not significant (~2c), not contradicting with its existence

+\— 4+ 2
W Z,°(10610) mass from the fit M=10609 = 8 + 6 MeV/c? M(Z,7)=10607*2 I\/IeV/(1:1



(Events/20 MeV/cz)

Dalitz analysis M(sy,80) =Az1 +Azo + Ap, + Ap, + ANER

with Z°  w/o Z°
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Signals of both Z,° are not significant. Data is not contradicting with their existence.

arXiv:1207.4345 12



Update of X(3872)=>J/yrntr~ .{B

Observed 10 years ago by Belle in B=>J/yrntn-K PRL 91, 262001 (2003)

Update using 772 106 BB PRD 84, 052004 (2011)

by
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M(3872)=3871.84 + 0.27 £ 0.19 MeV/c?; I'(3872)<1.2 MeV @ 90% CL
Mass difference of X(3872) from B* and B%: AM =-0.69 £ 0.97 + 0.19 MeV/c? 13



Search for charged X .{B

Charged partner can exist if X(3872) is exotic. Search for X(3872)" in Jhyp* M=
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Events / { 0.015 )

Search for C-odd partner of X(3872)
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e B— K+ nJ/v: only ¢ signal and non-resonant component, no X(3872).
B(B" — X(3872)K") x B(X — nJ/v¥) < 3.8 x 10~° @90% C.L.
® B— K + vxc1 :no X(3872) signal observed, Ngg — —1 £ 5.
B(B" — X(3872)K") x B(X — vxea1) < 2.0 x 107% @ 90% C.L. and
B(X — vxea)/BX — J/ym m~) < 0.26 @ 90% C.L.,
according fo PRD84, 052004201 1)(Belle):
B(Bt — X(3872)K*) x B(X — wtx—J/¥) = (8.6 £0.8 £ 0.5 x 10—%
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Evidence for @,y .4y

W, Y Was predicted, I'(y,2y,.,v7)=260 KeV
Godfrey & Isgur, PRD 21, 189 (1985);

Eichten, Lane & Quigg, PRL 89 16202 (
BF!’K, U Y
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2002) & PRD 69, 094019 (2004)

i:ime spect. J*© M M [MeV] dominant
decay
n, 1I'D, 27 ——  3780-3840 n.nx
T 1"1‘[}] 1 3772.9(4) 3785-3819 DD
v, PD, 27 —=  3800-3840 (%7
v, D, 3~ -—  3810-3850 DD
yield  Mass[MeV] BR (B+—> NE & )

w' 193+18 3685.3+0.6 (7.7+£0.8+0.9)x10™

W, significance is 4.2c including systematics

['(y,) =4+ 6 MeV from the fit

w, 3319
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ete >J/yntn” and y(2S)ntn by ISR

e’ e —» Iy i ph)

aly(28m ) (ph)

PRD 86 051102 (2012)

Y(4260): M = 4245 + 5 + 4 MeV/c?
=114+ 15+ 7 MeV

?IrIllll.l.l.l.l.l.I........l.l.l.l.......

y(2S)mtm

" | 1 |#
2 44 46 48

1 1 I 1 v
52 34 54 58
E.. (GeV)

arXiv: 1211.6271

Y(4360): M = 4340 + 16 + 9 MeV/c2

['=94+32+13 MeV
Y(4660): M = 4669 + 21 + 3 MeV/c?
[ =104 + 48 + 10 MeV

Consistent with previous Belle results

S

Bp®
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e"¢—>J/yn by ISR

980 b

7T
Qo I :
e ' = 20 1 i
g = i
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HC\IH |
Parameters Solution | Solution I E 10 [
Mup(a040) 4039 (fixed) S5
M'y(a040) 80 (fixed)
YP(4040) +0.9+ +1.3+ ’ S A s 0 9 R
B. v 4,8+0.9+1.4 11.2+1.3+1.9 0 " 455 45 45
Muya160) 4153 (fixed) M(nJ/y) (GeV/c®)
r|_|_|{41m} 103 [leEd]
B p¢'i41+f-'}} 4.0+0.8+1.4  13.8+1.3%2.0 First time y(4040) and y(4160)
. eter oL
have been observed in final states
b 336+12+14 251+4+7

not involving charm meson pair.
No signal from Y(4260/4360/4660).

arXiv:1210.7550
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Weight/ ( 0.01 GeVic)
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Summary

New results on bottomonium states come from B factories:

« Observation of Z,*(10610) and Z,*(10650) decays to BB and B'B’
main decay mode, supporting “molecular” hypothesis

« 6D amplitude analysis of Y(5S)—>Y(nS)r*r confirmed JP=1* for both Z,

« Evidence for neutral partner Z,(10610) in analysis of Y(5S)—> Y(2S)rx’
consistent with expectation from isospin

... and on charmonium states:
* No charged or C-odd partners of X(3872) have been found
» A first evidence of v, is obtained in B—>Ky,.,y decay

* Y(4260/4360/4660) are seen in y(1,2S)x -, however no evidence in J/yn

20
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(Events /20 MeV/cz)

Fit to the Y1Sn*n data

Comparison with Y(nS)rn*r
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Background subtracted YnSn%z® data
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Heavy quark structure in Z

Bondar, Garmash, Milstein, Mizuk, Voloshin Phys.Rev.D 84 054010
Wave func. at large distance — B(*)B* B

Zﬁ>:%00b®lcgq \/7].bb®OQq
Zb>:%00b®1Qq+Elbb®OQq

Explains

« Why h,1t7t is unsuppressed relative to Yntm
- 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

Other Possible Explanations
» Coupled channel resonances (I.V.Danilkin et al, arXiv:1106.1552)
« Cusp (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)
« Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)

23



- Observation of Y(S S)—~>h, (nP)vﬁn

Events / 5 MeWc
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PRL 108, 032001 (2012) ' l 7 : l
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“ hy(nP)atr] _ [ 0.4540.087,  forhy(1P)
T{T()b)ﬁ’f(%)?" ] 0.7740.0879-22  for hy(2P)
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no spln -flip @

Process with spin flip of heavy quark is not suppressed: mechanism of
Y(5S) — h,(nP) n*n~ decay violates Heavy Quark Spin Symmetry 04



Decay chain *

s hy (NP) +/reconstruct
b N 7T

Use missing mass
to identify signals

AM (TP y) =
Mmiss(n+n-y) - Mmiss(n+n_) + M[hy)]

;,;_:;true T T
s 92 -fake mhm e truey i
< [ootruey Conmoesel o

Approach:
of i A fit Myes(m777) Spectra

08 085 99 965 10 in AM_ i (77y) bins
M, (t'n), GeVic?

ﬁ = h,(1P) yield vs. AM .. (¥ 1Y)
= search for n,(1S) signal
M(hy)

25



h,(1P) yield / 10 MeV/c®
© o M
S 8 8
(] ] (=]

4000 |

2000 |

h,(2P) yield / 10 MeV/c®

PRL

6000 |

4000 |

© hy(1P)>1,(1S) ‘u
150 ’.

88 9 902 94 98 o8
AM_._(1*Ty), GeV/c®

109, 232002 (2012)

M [n,(18)] =9402.4 + 1.5 + 1.8 MeV/c?
F[nb(ls)] — 10.8+4.O+4.5 MGV

~3.7-2.0
potential models : I" =5 - 20 MeV

B[h,(1P)=>n,(1S)y] =(49.2 £ 5.7 3%) %
Godfrey & Rosner : BF = 41%

AMyg [,(18)] = 57.9 £ 2.3 MeV/c?

H—o-H BaBar 1(3S)

—&— BaBar 1(2S)

——f CLEO

R Belle

L .SID. - .4-IU. F— 5IU. s E:\'I':} i .?I{]. Y .BU
AM,=(1S), MeV/c?
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o, 35000 [
> ' _ +2.8 2
M 25)] = 0£3. MeV/

Ssowa| h(2P)=n.(2S) [Mp(2S)] = 9999.0+3.5"2% MeV/c
%250-00' 49 H 'y, (2S)] = 10.8:‘:253 MeV
§200%] B[hy(2P)=>1,(2S)y] = (47.5 + 10.5 65) %
< 15000

10000} AMpp [M,(29)] = 24.373 MeV/c?

5000 AM e = 23.5 +4.7 MeV

Lattice Meinel PRD82,114502(2010)

PR PR PR SR T N TR TR TR NN T
9.7 9.8 99 10 101
AM_._(n'Ty), GeVic®

® | Belle

PRL 109, 232002 (2012)

2 03 04 05
AM,(2S) / AM,(1S)

Branching Fraction Belle value (%) Expectation (%)
Ne(2P) — ynp(1S) 223+ 3.5'_33'_]3 13
hp(2P) — ~1p(2S) 47.5 + lD.5'_‘5;:_E.;. 19
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Wy Y(5S)=>Y(ID)rm .

BELLE 0400
» First and only one L=2 state found in radiative g
decay chain CLEO(2004): §rovoor
Y(3S)—=%o(2P)y—=>Y(1D)yy—xo (1P )yyy—Y(1S)yyyy o
» Belle measured a new production chain a400|

Y(5S)—-Y(1D)n ' —y,(1P)yn n— Y (1S)yyn*n-

> 18r
= Wb Y(2S) Y(1D)
CLEO 5 f |
M=10161.1£0.6+1.6 MeV s 1“r
B[Y(3S)—Y(1D)yy—Y(1S)yyyy] = 2 |- m E
(25i05i05)x10_5 10 :_ |£
: | - B
Belle preliminary 8 | ;t-:’ c
B[Y(5S)—Y(1D)nn—Y(1S)yyntn] = 6 | =3
(2.0+0.440.3)x104 N | S
i > =
UL .T TI ] ] | JI-II'

D ' il L 1
9.9 9.95 10 10.0510.110.1510.210.2510.310.3510.4
statistical significance 9s MM(x*n), GeV



Y(2S)=>Y(1S)n

2 oE[n— vy ~
%5_— Nugn = 20821 ' §
L
40 % E
ML} n=vy °
20 @ ; ‘E i
::!I 5 "|----I.I:-:
| b \ll 5 0 05 055 06
Fe2 € _ T i, u.r..ﬂ-uf;ﬁmls M Mﬂr (GEVICE)
Eﬂg = _- 0 ”:E‘IIIIIII -
b =y —= I ] —
gxg N—n T X % oL b) ]
E: =
E - 4F ju
20E —
5 >t S of T m
. il 2 2Ll LD
£ i 2 0.52 0.54 0.56 0.58 0.6
R T e S S TR W(GEVI‘C }

s e
B4 0
1'|u.r..|.1-u| mass [Gav]

Phys.Rev.D 84 092003
B[Y(28)>Y(1S)M]=(3.41 + 0.37 £ 0.35) 10 ys-Rev

B[Y(28)=>Y(1S)n"]< 4.3 10
= -4
PRD 87, 011104(R) (2013) B[Y(25)=>Y(1S)n]=(2.39 £ 0.31 £ 0.14) 10
B[Y(3S)>Y(1S)n]< 1.0 10+ 29



Events/ 10 MeV

Events/ 10 MeV

Observation of Y(5S)=>Y(1,25)n ':B

'8 ‘ MM(rttn—n®)

bl

BELLE

 Three modes:
* Y(1,25)[pup] n[rrn’]
* Y(2S)[Y(1S)n* 7] mlyy]
* Y(IS)[ww]n'nmn]

il Aldich 1
9.3 9.4 9.5 Q.E 9.? 9.3 99 10 1(]1 1D21ﬂ3

M(yy)

6

g AL

D-' | BRI P I R N
0.3 0.4 0.5

M(yy), GeV

MM(n), GeV

B[Y(5S)->Y(1S)n] = (7.3+1.6+0.8) 10 o
B[Y(5S)->Y(2S)n] = (38 + 4 + 5) 10 %,
B[Y(5S)=>Y(1S)n'] < 1.2 10+
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