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Introduction & motivation

Studies of hadrons
(mesons) Studies of strong interaction
* Quark models based on QCD:
- Predict states (also beyond the qqq, qq sytems)
* Predict properties (masses, widths, decays, ...)

History of the Universe

e Measurements:
* Tests of QCD predictions
 Provide the feedback

for improvement of models

* Disagreements with models
New phenomena,
new particles, ...
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B-factories: Belle BaBar
e*e—Y(4S) and nearby Vs~10.6GeV

Charm hadrons from B-meson
decays, ISR, continuum production
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Charmonium(-like) states




ccl-like] production at B-factories

Colour-suppressed B decays:

Two-photon production:

e.g. B—>X_ KW
_ Vcb
b e———C

N
Vcs (*)
s K

0-*+,1-,1**
Double cc production:
e.g.e'e—Jly X

e S Jiy

/\

c
c XCC

states with C=+

e+

e‘e—e'ey*y*—e'eX
e*\.{ e’
Y X 4
* CC P>
S -
e’ e

O-+, 0++,2++, 2-+
e*e- radiative return (ISR):
€.g. e+e-_)YISR ch_)yISRqJT(T(

e- yISR
. /T(
4 ch\»“
e* \\"’
1--only
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Standard Charmonium States

NS+
J
4600 e -
£8, cc
4400
4200
o 4000
o
E 3800 ___ oy
B R T REEEEEE open-charm threshold - -
R 2'§,— 2E UV .
= gﬁnun o T 11P1 13P11_P9X
c 0 messs= 3 E— c2
- hc ]io XC1
3400} — %o
3200
i 'S Jly
B 1
sooof 18 n
- | | | | | | | | | | | | |

0t 1 1%

ﬂ++ 1++ 2++ 2—+ D== o== 3+— 3++ 4++
J PC

N radial quantum number
S total quark-antiquark spin

L relative orbital ang. mom.
(L=0,1,2..S,P,D states)
J=S+L

P = (—1)"*" parity

C = (—1)"*S charge conjugation
M_+M_.

2M,

Below the DD threshold:
States are narrow
All states observed
well measured(1974-80)
recently observed :
n.(2S)@Belle: PRL 89,102001 (2002)
h_(1P)@CLEO:PRL 95,102003 (2005)
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Standard Charmonium States

n@s+)L N radial quantum number
J

S total quark-antiquark spin

4600 == —
B > 1]
C &%%15\ CC L relative orbital ang. mom.
00 (! (L=0,1,2...SP,D states)
: 0) 11.2°D,2°D —
4200 - \A@ i gL — J=S+L
i I'F, LF; I's I'F, P = (—1)"*" parity
b —( ) .. . 5 3
S 4000 W ﬂgﬁpﬂgﬁv& C = (—1)"*° charge conjugation
. . D PD D oo
S 2e00f. —-440) 1D, 21Dy M, +M,,.
2 Poo oo Q@____l f e open-charm threshold - - ZMD
E L 2§, 2%E U ]
s600' o P
Ne h .ILISP rPy— ., Above the DD threshold:
2400 g :DXCO Ket States expected to be wide
[ Only five states measured
32001 £ J/y and identified; last was
P oL X_,(2P)@Belle:PRL 96,082003(2006)
soool IS n,
i | | | | | | | | | | | | |

0~ 177 17T ot 1T 2% 27 277 gTm gt gt 4t = Many candidates available
J PC
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Standard Charmonium States

Observed recently (= since 2002)
from Eur. Phys. J. C71, 1534 (2011)

State m (MeV) ' (MeV) J5°¢ Process (mode)
he(1P) 352545 £0.15 0.73£0.53 177 ¢(28) = 7% (yn.(18))
(<1.44) W(25) = 7 (y...)
pF =+ (1) = (¥17)
W(25) = 7 (...)
Ne(28) 3637 £ 4 147 077 B K(K:K~ 71

ete” s ete  (KaK~7h)

ete™ —= Jfb ()

¥e2(2P)  3927.2426 241461 27T etem = ete (DD)
[Z(3930) — at discovery]
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... and many exotic candidates (X, Y, Z)

== New states

from Eur. Phys.J. C71, 1534 (201 1)

State M., MeV I'. MeV jre Process
X (3872) 3871.52 4+ 0.20 1.3+ 0.6 L7 B — K(ntn~ J/v)
(< 2.2) pp — {r*rr‘-f.-' L) + ...
3 — K(wJ/4Y)
B — K(D*°D?)
B — K(v. f"'L"J
B — K(~vy(25))
X (3915) 3915.6 + 3.1 28 + 10 0/2°F B — K 4__,,.1_.. )
¥y — (wJ /)
X (3940) 394273 37127 ?7+ ete™ — J/p(DD*)
ete — JUE( )
Y (4008) 400812 226 + 97 1 ete™ = ~v(ntn™ J/9)
Z1(4050)T 4051723 82731 ? B — h'(rr_\d{lf’))
Y (4140) 4143.4 + 3.0 15171 20t B — K(¢J/1)
X (4160) 4156727 139119 20t ete” — J/Y(DD")
Z5(4250)7 4248155 177192 ? B — K(nTxe1(1P))
Y (4260) 1263 + 5 108 + 14 17~ ete™ — ~v(xTa—J/9)
ete™ — (ntn~ J/4)
e e — (7Y /)
Y (4360) 4353 + 11 96 + 42 1 eTe — ~v(nTm ¢
Z(4430)7T 4443723 107113 ? B — K(nt(25))
X (4630) 46347 ° 92133 1 ete” — y(ATAD)
Y (4660) 4664 + 12 I8 + 15 | ete™ — ~,{T+-r_:.-'-:'35‘ju
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... and many candidates (X, Y, Z)

== New states

from Eur. Phys.J. C71, 1534 (201 1)

State AN, MeV

I'. MeV Jre

Process

X (3872)

Zj{lzi E e I T
3

Y (4360) 4353 £+ 11
: 30)+ 0+24
Z(4430) 4443724

X (4630) 46347 °

y (4660) 4664 + 12

1.3+06 171T/27T
(< 2.2)

A871.52 1+ 0.20

B — K(ntn~ J/v)
pp — (wta = J/d) + ...
3 — K(wJ/yY)

B — K(D*°D%

B — K(yJ/v)

(25))
/)
/)
(DD*)
W (...)
wJ/)
1(1P))
/1)
(DD™)
i _ =9 > — r_llljj))
108 + 14 1= eTe™ — v(ntTa—J/4Y)
ete™ — (xTn~J/Y)
ete™ — (n%x"° ] /)
96 + 42 1 eTe — ~v(nTm ¢
107113 B — K(x t(25))
92735 17~ eTe” — y(ATA])
I8 + 15 1~ ~ ete™ — v(nTa~ ¢ (29))
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... and many candidates (X, Y, Z)

= New states from Eur. Physj C71,1534 (2011)

State AN, MeV o Process
X (3872) 3871.52 + 0.20 ”>ﬁ:u1> /2 j
(< 2.2)

Y (4360) 4353 + 11
Z(4430)T 4445_;@
A |: 4630 _j _“I,,_I: ;;1
Y (4660) 4664 + 12
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Standard Charmonia - News

4600
4400 C C
4200} 2D, 2D, 2D;
i I°F, I'F; I'F; °F,
I'Fg [F; 15 1'F,
i ¢ ;
aooof WV P, EEPﬁUEB
o : 2P 5D 1o = Updated masses and
& L 0y 1D, 21Dy - M;+M; : :
< 3800} a1, widthsofn ,n', h
® oo &@ ______________________________ 2M..- c- ¢ ¢
& [ 2lg,—— 28 ' P
= 8600° | T ap s LP;
. S T 1% obs. : y—yn/
3400 ’ — Xco
200 [ = New n_' decay mode
i r's Jly
L IS
soop =~ gResonant parameters of
ﬂ_+ 1—— 1+— ﬂ++ 1++ 2++ 2—+ D== o== 3+— 3++ 4++ J/tp , lp' , lIJ(3770)
yPC
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n_(1S) & n_(2S) - Status @ PDG2010

WEIGHTED AVERAGE

- WEIGHTED AVERAGE
2980.341.2 (Error scaled by 1.6) 28.642 2 (ErTor scaled by 2.0)
' M(n (1S '(n (1 S
|'n'|
I|' ‘.I c
A 2 |
I |
| _— Lo P
a LEES 10 BABR 13 AUBERT  08AB EiE
nJ —+— - - AUBERT 0BAB BABR 25 UEHARA o - BEL
[ ¥ 4 - UEHARA 08 BELL 46 WU s
—'—I_ ...... ) -
e oo M=t N 1S) - K _K*nt
— bW 06 BELL 08 —+= ‘ ------ ASNER 04 CLE c S
| | ) —t— AMBROGIANI 03 E83
| =1 - ASNER 04 CLEO 06 | . BAl 03 BEC
| |~ - - AMBROGIANI 03 E835 27 4 FANG 03 e LEES et al., BaBar, Phys. Rev. D81(2010)052010
|'|+ I‘. BAI o 03 BES 32 o ‘ L . BAI 00F BES
|+ b 'Ei'l\lﬂ ggF SE[—\'— gl — T - ARMSTRONG 95F E760 5
;—'—, {". &1 . —_ BAGLIN 87B SPEC C)( ) a') a') / i W N .r?'/ L
—r \ooBAl 90B MRK3 4.0 /  BALTRUSAIT. 86 MAKa My, = 208221+ 044+ 1.6 MeV/c*,
—9—‘-,‘ - - GAISER 86 CBAL _ 06 / A T .. . GAISER a6 CBAL X . . .
\ 31.2 ‘. & = 9 b Kk
(Confidence Level = 0.0018) \ (Confidence Level - '[' T "il*i j: l+_‘ :t [']'t“ hlo\ '
e | | | \ | | - | [ — | |
2950 2960 2970 2980 2990 3000 3010 20 0 20 10 60 80 100

n (18):11S,, Jr°=0""
Large spread in measured masses, widths, e.g. L
I'(n.(1S)) ~ 15 MeV (JAp , ¢’ radiative decays) 1 M(n(28))

I'(n_(1S)) ~ 30 MeV (B decays; yy interactions) s

| ﬂ 2
+ [ | X
—f— - - ABE 07 BELL 21
n.(2S): 2 1S,, JFC=0" PR e BB
." —+ | - - ASNER 04 CLEO 25

—+ BT - - AUBERT 04D BABR 3.5

Measured parameters lack precision (I'=14+ 7MeV) N ity

| | | |
3600 3620 3640 3660 3680 3700

Only seen in exclusive KKr decays 1e25) mss ()
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mass: 2984.4+0.5,,,10.6, . MeV/c?
width: 30.5+1.0_, 0.

¢

2

=k

=k

Events / 10 MeV/c?
=]

—

o B2BRBE 2

Events / 10 MeV/c®

r-E

2727528282929 3 3053131532
M({KsKan) GeVic®

160

140
u'b'- 120
-

< 100

o 80

Events /1
o828

272752828529259 3 3063131532

I] --._.
2727282852929 3 3.053.13.1532

M(KK=) GaVic”

E —— i =~ 0 Al PRI —-

o F -E:u.. dreas ;H [ i
*t: 250 =p b 2m0F
= ] 320}
-5‘-2[.]':'_:?"5& . . N £15{]_
o of 4 2K2nm] ok
F = 100f
€ 100f @ f

sof

Event

0

_EE?E?BZBEE 2929 3 3053131532

M(mnm) GeVic?

M(2K2xn®) GeVic

:LLu_Ll.Lu_LLLu_LI.Lu_LLLuJ_l_LuJ_LLuJ.uJJJ.l_u_lJ.u.u]
2727528282929 3 3053131532

M(6n) GeVIc?

Considering the interference between n_ and non-resonant decays,

9, . Mev
2.35+0.05,,,:+0.04, . rad

¢o: relative phase between n_and
non-resonant component. An universal

phase for different modes is used.
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First y'>yn_(2S) decays at BESIII

Hai-Bo Li @ LP11
First observation of 1n.(2S) in y'->yn.(2S),n.(2S)>K K=

ﬁj: ' BESIIl preliminary With 106M y' events at BESIII:
E 10 o i}}jl_ esults 31 M(N(28)) = (3638.51+2.3+1.0) MeV/c?
- e A © I N(M(28)) = 50.64+9.7
S e —-N(23) _ | Statistical significance larger than 6.0c!
i _ . bilegrDllHd _ ..................
~ ] Br(y’=2yn.(2S)2yKsKn)
S ol _ | =(2.9840.57,,,10.48,,) X10°
E i-; ~.t.‘_u i 1 : é +
13 X Br(n.(28)2>KKn)=(1.9+0.4+1.1)%
3.5 3.55 3.6 “ 3.65 37 From BABAR(PRD78,012006)
Mo, (GeVie I.__I
E) x BW damping(E {G )(0
( 3 X (m) X dam pn*rgi },)) ® Gauss(0, o) Br(y’>vn.(2S))
l - =(4.7+0.9_,,+3.0_) X10+
- {
MI transition E,Eo+ (Ey — Eg)> CLEO-c: <7.6x10* PRD81,052002(2010)
e . Potential model: (0.1-6.2)x10#

' I'(n.(2S)) fixed to 12MeV (world average) | PRL89,162002(2002)

_________________________________________________________
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e 2-D fit of angle 6 vs. M(K K r) distributions is performed

* Interference between signal and non-resonant background

|s taken into account

arXiv: 1105.0978 submitted to PLB

% cos :Ho M(KS K T[) K, _
200 _ \ gllJ'[)
"% 200 1S
100:- }’ 50 ¢ ﬁ nC( )
. . -
; : g 150
l[)—ll . I—IJI.EI- . IIJ - IOIqI nlc(1 S) | | | 3.I25 | 31.5 E JI‘I’
M(1]G)= MeV 2985.4+1. 5(stat) [S}St] 100 -
I(n), MeV 35.1+3.1(stat) 10 (syst)
~r 200 — =
> | cos 0 : | M(K,Kmn)
150 =l
' ") 3 3.5 4
100 f S Ry
| \ } sp 1 nc(ZS) M(KKn), GeV/c?
50 - :
; of 1 4 M(n_(2S)), MeV 3636.1 >Y(stat+model) “03(syst)
T TR s e T(n,(29)), MeV 6.6 s(stat+model) “o5(syst)
cosb M(K.Kn), GeV/c
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D
n_(2S) : new decay modes in yy reactionscC_ />

===

Belle studied vy — n.(25) — 6-prong with 923 /fb.
o-prong: 6w, 2K4m, 4K 2w, KgK3m

* Only one exclusive mode ( K g K7) seen until recently
* Not seen in 4-prong final state: Belle EPJC 53, | (2008)

* Seen in 6-prong final states:
prong ICHEP 2010
2500 600
2000 200
i 400
1500
B S0
1000
200
500 1w IR Ar RKEE
0 SERTUEEEEY Or  e  y
M. MeV I'. MeV
G 36380+ 1.6+2.3 10.7+4.9 3. 3.2
OKAT  3634.7T+16+28 < 13@QO }' CL 234+ 3.4
KsK3m 36365 +1.84+24 15.9 + 5. R.70 30.7T 3.9+ 3.7
M (n.(25)) = 3636.9 £ 1.1 £ 2.5+5.0MeV (possible interference

['(n:(25)) = 9.9 + 3.2+ 2.62.0MeV with background)
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n_(2S) : new decay modes in yy reactions

ta_ ot a- vy * ta-pn undetected =~
e‘e—e'ey'y*—e'en

.|.

\15{/' + - -~ +
PRD-RC 84, 012004(2011) — 0*,0",2"", 2
519 1/fb /,,.E.f-\

Full data set at BABAR: 519 fb-1 unde%eCted

yy->K*Km'en®

N bkg-sub ‘ ‘gwm bl‘:g]l‘SUh
S ol T
% E'.mnnf— .
2 -E auni—
& & 600
n w0~ First observation Ms,
e i . . Euﬂ;_ BABAR Xeol1P) I'Ic[25]' |
oo e 8s 3n:jimz S 1311Gaw=*? Tas e s e wa Im{::cgrc-mn%ﬁ:aaw;zi‘
M(n.(1S)) = 2982.2+0.4+1.4 MeV/c? M(n.(2S)) = 3638.5+1.5+0.8 MeV/c?
I'(n.(19)) = 32.111.1+1.3 MeV I'(n.(295)) = 13.414.61+3.2 MeV

Most precise measurement for n_(2S)
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n_(1S) & n_(2S) - Update @ PDG2011

BESIII [2011] Belle[2011] BABAR[2011] PDG 2011
preliminary arXiv:1105.0978 PRD 84 012004
y(28)—»mJn.(2S) B decays v y fusion
M(n.), MeV/c? | 2984.4+0.5+0.6 | 2985.4+1.5%02, | 2982.2+0.4+1.4 | 2980.3+1.2
I'(n.),MeV 30.5+1.010.9 35.1+3.1%1° 32.1+1.11+1.3 28.6+2.2
M(n.(2S)),MeV | 3638.5+2.3+1.0 | 3636.1*33, %05, | 3638.5+1.5+0.8 3637+4
I'(n.(2S)),MeV 12 (fixed) 6.6%84 *26 13.4+4.643.2 14+7

B First observation of n (2S) in y(2S5) radiative decay from BESIII

B Most precise measurement for n, parameters is from BESIII

B Most precise measurement for n(2S) parameters is from BABAR y y fusion

B Hyperfine splitting: AM(1S) = 112.5 + 0.8 MeV; AM(2S) =47.6 + 1.7 MeV

Spreads in measured masses and widths between
different processes are getting smaller.
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Exotic Charmonium-like States

Multiquark states

 Molecular states Exotic states:

Are not forbidden in SM;
Have exotic JP°

(0+, 1+, 2*,... forbidden for qq);
exotic decay modes

(not possible for qq);
strange properties (widths,...);

Multiquark states could also have

m(@ non-zero charge [cucd],

f\/v e strangeness [cdcs]
Hadro-Charmonium Q&j or both [cucs]
boun

Compact charmonium states inside light hadronic matter

. Tetraquarks
Tightly bound diquark-diantiquark states

Charmonium hybrid states (
States with excited gluonic degrees of freedo

Threshold-effects
Virtual states at the threshold
Charmonium states with shifted masses due to nearby D*D™ thresholds

Mixture of the above or something even more exotic?
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The “good old” X(3872): discovery

* Observed first by Belle in 2003: — . TR

+ + (3872) 300 |— @/ =g(2S) PRL 91, 262001 (2003)
5 K_@ o - / BELLE v

[+ 2_ JD : : b ~_CE ch
S 200 (36 £7) events s WS
= (3871.9 % 0.5) MeV/c? z - (~100) 1 o K
[ <2.3 MeV@ 90% C.L. @ 100 - - ’
e N 2 X(3872) ]
BR(B— XK' )xBR(X—J/y 1r*1T") & J M
= (1.3%20.3)x10° o L= L
040 020 1.20

M(Ttt T8t @) - M(€+e)
*Confirmed soon by:
pp—X(3872) + anything

PRD73,011101R(2006
PRL 93,072001 (2004) PRL 93,162002 (2004) PRDT1 071103R(2005) — : : )

%j'

107

10E
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The X(3872) summary

e A narrow state discovered by Belle in BT — J/yntn KT,
S.-K.Choi et al.,PRL 91, 262001 (2003)

e Confirmed by BaBar, B.Aubert et al., PRL 93, 041801 (2004):
at Tevatron: CDF, D.Acosta et al., PRL 93, 072001 (2004)
and DO, V.M.Abazov et al.., PRL 93, 162002 (2004)

Now also:
CMS & LHCb

e Charged partner not found by BaBar, B.Aubert et al., PRD 71, 031501 (2005)

Determination of quantum numbers of X(3872)
~ Evidence for X(3872)—>J/yy established C = +1
[Belle arXiv:1105.0177; BABAR PRL 102 132001]

» X(3872)>Jlyn*n- by CDF = 1** or 2—* [PRL 98 132002]

» X(3872) not seen .y, X.,¥ and J/yn modes
indicate that X may be not a conventional cc state

~ X(3872) »>J/y o by BABAR favors 2+ [PRD 82 011101]
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D
X(3872) —»J/w mw*m from B (update) </>

BELLE
» Using full Belle Y(4S) data sample: 711 fb"’
 Charged & neutral decays: B°* » K°* X e

 Reference channel: Bt - K°* y'

M(J/p 1T"1T) AE .

0.40 0.80 20
M (tct @t €-) - M(8+ @)

| I L - _
B B0 35
oo 9 50(25) [
= B BELLE E £ 5 events
Lo
= 200 =
E — —
5 . 5 A
i 100 — ] 2 ozlozozs ’I\;I'Ei’/“"“:”:-mv—-m T B
B i vt o )/GeV AE/GeV
- L~ X(3872)1.. i 3__,1 |
o L wm-JI. . | B % % 21.0+£5.7 event:
€ Ei

Eve
o
[~}

X from B°,B* - T 'i;,?éé{/ J

are the same: AMy 3570y = (—0.69 £ 0.97(stat) £ 0.19(syst)) MeV
BR(B-—XK’) x BR(X—J/p m*m)= (8.61%0.82 *0.52)x10°¢
BR(B*—XK?°) /| BR(B—XK-) = (0.50 £ 0.14 % 0.04)
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D
X(3872) —»J/w mw*m from B (update) </>

===

Using full Belle Y(4S) data sample: 711 fb"!

X(3872) mass Iin ttn~J/y channel only

Belle result contains MC/data shift 0.92 + 0.006 MeV, fixed from reference channel "’

S

CDF 2 3871.61 + 0.16 + 0.19 MeV Here former Belle measurement
3872.0 £+ 0.6 £ 0.5 MeV

BaBar (B*) 3871.4 £ 0.6 £ 0.1 MeV not considered anymore
BaBar (BY) 38687 £ 1.5 £ 0.4 MaV (superseded by new measurement)
Do 3871.8 £ 3.1 £ 3.0 MeV “Binding Energy”

_ *0Y) —
Belle (This result) 3871.84 £ 0.27 £ 0.19 MeV m()() IT'I(D D) m(DG)
Preliminary becomes smaller:

World Average 3871.62*0.19 MeV ODld: Am = —0 + 0 M e
LHCb (new) 3871.96 £ 0.46 + 0.10 MeV New: Am = —0.17 = 0.36 MeV
World Average 3871.67 £ 0.17 MeV

again New W/ LHCDb:
[ T ] oo

Reminder: Am(deuteron) = 2.2 MeV
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D
X(3872) —»J/w mw*m from B (update) </>

===

Using full Belle Y(4S) data sample: 711 fb"!

X(3872) mass Iin ttn~J/y channel only

Belle result contains MC/data shift 0.92 + 0.006 MeV, fixed from reference channel "’

S

CDF 2 3871.61 + 0.16 + 0.19 MeV Here former Belle measurement
3872.0 £+ 0.6 £ 0.5 MeV

BaBar (B*) 3871.4 + 0.6 + 0.1 MeV not considered anymore
BaBar (BY) 38687 £ 1.5 £ 0.4 MaV (superseded by new measurement)
DO 3871.8 + 3.1 £ 3.0 MeV “Binding Energy”
_ * —
Belle (This result) 3871.84 + 0.27 £ 0.19 MeV m()() IT'I(D D) m(DG)
Preliminary becomes smaller:
World Average 3871.62 = 0.19 MeV Old AM = —O 32 + O 35 Mev

LHCb (new) 3871.96 £ 0.46 + 0.10 MeV New: Am = —0.17 = 0.36 MeV
Wm:ld Average 3871.67 £ 0.17 MeV

New w/ LHCb:

M(D?)+M(D*?) 3871.79 £ 0.30 MeV
PDG2010

Am = —0.12 £ 0.35 MeV

Reminder: Am(deuteron) = 2.2 MeV
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to natural widths narrower
than resolution <6>~4 MeV
because of constraints (mg., AE)

Method validated with v " width

[,-=0.52+0.11 MeV
(PDG 0.304+0.009 MeV)

- bias 0.23 £ 0.11 MeV b,
procedure for upper limit: E '
width in 3-dim fit fixed

r.1sit_:;na| and npeaking BG ﬂoating

— calculate likelihood

= Ty(3872) <:t0.95 MeV + biasJ

New measurement of width

===

PRD 84, 052004 (2011)
711 1/fb

o
T

MC

g
Ch
|||||

3
|

ITS are sensitive

R ,
|

=
o
|||||

(=]
T

["(output) / MeV

I"(input) / MeV

1.2 MeV

3
Width (MeV)
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X(3872) —»J/w mw*m from B (update) </>
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D
X*(3872) -J/wp *m°® search /o

BELLE
Search for a charged X(3872) partner:
X(3872) is a singlet or triplet? 711 1/fb

B’ — X*K-

.

M(J/p 1T 11°)

- -

Events /( 0.002 GeV )
Events /( 0.002 GeV )

BB 5 K~ XT)xB(XT = pTJ/1b) < 4.2x 1075

by S oty
e LT 14
B+ — X+ K0 an

.2 522 524 526 528

4 S B(BT = K'XT)xB(XT = pTJ/1) < 6.1x107°,
Z | aqw z s 17t l ] -- No evidence for a
ST e charged partner: 1=0
.2 h22 524 526 EII.EEEU].E S8 M{wa m}‘&.{ﬂﬁeﬁz
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D
X(3872) —»J/w mw*m from B (update) </>

===

Angular analysis PRD 84, 052004 (2011)
711 1/fb
p=J/y system

9.2

- . =3 | —1 23 aa
% i . E - I g :='=—ITT_—
-wave 5 P, P " e 3
=1, 551 B )| e 3 cos(ly) % e
L:]-: 5=2 {Bll] xxhﬁ‘i .-}r\-"'_-yy e I:Qasuxl T "I-""-ﬂ'l'"'l':"'h‘:""n'f'l.':;!':J'J;I"q'm""n‘:'"'r'-u’"'-:a""a
T ._E.. El =27 8,8, = 16" glq‘:h et
Angular correlation (6, x, 6,) = | - :
6y: Jiv and direction of opposite to Kin® cos(x)  — ] =
X rest fra me “ T F P . .lnlt..l.l:&i::l;l .;.. S FIRRRS FERW P | | ]
=1** and 2-* are both possible, # | g &
= more statistics needed. 7> I | i
&y . cos(6) :
40 o - g . ml.-?‘"“'"" !
35 = e IE:CFE-H.I N L ! 1 B F R Bty .I.ﬂ:!:-fill e
E 30 2_+ 1++
o 29
=
= o . . s : .
£ s Fit to the M(n*n~) distribution taking p—o
g 0 < mixing into account = 1" and 2" are both
5

possible

Sl = Needs more statistics ...
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X(3872): radiative decays

X(3872)—yJly X(3872)—yJly X(3872) >y’
_ E + 256 fbot E s 3 60 %ﬁ ; H, 3 55 424fb-1]
% % {:—h T ‘ t +
M Jl T S T a— 3\?;6) b T ‘3.|t_;' ] ,:\_%;f]
(vJip) M(yJ/p) M(yy’)
BRIX = VI) _ (144005 BRIX ~ W) _35.14
BR(X - J/y mm] BR(X - yJ /)
BR(X—’V‘/") =1.1+04
23 BR(B* - X (3872)K*|x BR(X - yJ /) =(1.8£0.6£0.1)x10™° BRIX - Jjwrm)
%ﬁ BR(B" - X(3872)K " |x BR(X - yJ /) =(2.8+0.8£0.1) x10°*

Important implications:
Q Imply even C-parity of X(3872)
Q  Give more information on X(3872) nature
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Rad. quarkonia decays in B mesonsQD

= N N
o U o

Events/ 9.5 MeV/c?
o

-
Q

0

H:i

¥ 3 33”335"39' 395 2

My, , (GeV/c?)

- (b)

Events/ 9.5 MeV/c?

BO

FIIJ M w # ImIIIITI -q

|

: 9 3.
M, , (GeVic?)

335

X(3872)K,

5755 240

BELLE
Mode Events Significance
B*—=2>X(3872) K* 30. []‘3-3 49 c
B?->X(3872) K.° 57733 240

BR|B* - X(3872)K"|x BR(X ~y.J /)
=(1.78£0.46%0.12)x10°*

BR(X - J/yy)

=0.22+0.05
BR(X - J/y rm)

BR(B" - X(3872)K° )| x BR(X —y.J /i)
<2.4x10™° @90%CL

PRL 107, 091803 (2011)
711 1/fb
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D
Rad. quarkonia decays in B mesons<./>

BELLE
, 50 040 Fit components:
a B+ + -11.0
NuBzz_)qJ YK S Signal
E’fg (a) Y bete,uy Esu; p’K*+yp’K background
216 225; combinatorial (with non-y)
%14 ;!;zuf
510 S, 2 No signal observed
8 all:
" 10} BR(B" - X(3872)K*|x BR( X ~y'y)
4] Al _
2l i . <3.4x10™° @90%CL
975 58 385 39 365 4 075 58 385 39 395 4
M(y’y) M(y’y)
, B(X — '
J BY—yyKS 1.55% 0.20 ( V') < 2.0 @ 90% CL
. " B(X — J/¢)
2 7 ’_) Hda- 11+11- 2 1 ,_’ -
2 @ woeRwr ) o () vy BaBar 3.4+ 1.4
& s o 8 T
24 | 1o | BR|B’ - X(3872)K"|x BR( X ~y'y)
i Y oL ]#+(#| | <6.6%107° @90%CL
2 ) ) T
1 o al g T S 2 PRL 107, 091803 (2011)
9 XTI '_'3'.93'-J'1 RN Y TR 395 4 711 1/ib
M(w’y) M(y’y)
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Rad. quarkonia decays - summary

Belle: X(3872)—J/yy clearly observed
Most precise measurement, agrees with previous evidence

Belle: No X(3872)—y’y signal observed
Disagrees with Babar’s evidence

Results on B(BT — KX (3872)) - B(X (3872) — R~), 1076

Group Belle BaBar

[ cdt, b=+ 711 424
R=J/ 17870053 £012 | 28408 +0.1
R=1 < 3.45 9.54+2.7+0.6

From the absence of X (3872) — '~ it may not have a large ¢¢ admixture with a

D*Y DY molecular component

Pure molecular interpretation of X(3872) is back?
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Charged charmonium-like states (Z£*)

2:(4430)

2:(4050)
&
2:(4250)
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D
Observation of Z*(4430) state /o

/o) =y Ay AV =

PRL 100, 142001(2008)
657 BB

New state observed in B —» Kmt*y(2S) decays

B — Krr*y ™ (K=K*, K. \L
P —€€or J/y(—€€)mm withm_,_>0.44Ge

Clear signals in both AE and M __seen

m, . kinemat. constrained to m; — 0~2.5MeV for M(my,

M(m2y ') fit: S-wave Breit-Wigner and PS-like function i
K*(890 K*(1430) [ N

800

'

400

EyBnts/bin

23

- Z(4430)
- | 12130 events
M = (4433 % 4 + 2) MeV/c?
r=(45 *18,, *30_.) MeV

M?(ty ") (GeV?/c*)

—robust signal (subsamples;veto)
—too narrow state to be explained 2 ————
| by interference of known '

— . R Nl M(ry’) (GeVic?
MZ(KJI_)_@VZ/Q“\ S-, P-, D-wave K1t resonances ( ) ( )
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D
Observation of Z2'(4430) state /o

/o) =y Ay AV =

Z(4430)* — w(2S)m*: 5o

Charged state that decays like charmonium (= charged charmonium-like state)

Br( B°—K-Z*(4430) )xBr( Z*(4430)—m+y') = (4.1 £ 1.0 £ 1.4 ) x 10

Z (4430)

Not enough statistics to determine JP

(Some) possible interpretations:
=) [cu][cd] tetraquark with JP=1*
( Radial excitation of X(3872) family? )
- Neutral partner in decays: ¢’m%/n, n.’p%w?
- Charged 1S state in decays: 1%, n.p*?
{ Maiani et al., arXiv:hep-ph/0708.3997 }

20

10
=) D*D,(2420) threshold effect i
{ Rosner, PRD 76, 114002 (2007) } N[ T T I T
‘ D*D (2420) molecule Wlth JP_O 1- ﬂ b M arrnaed il .fE H= reled il [ _ S A y
Decay to D*D*mr expected. 38 4 05 43 455 48
{ Meng et al., hep-ph/0708.4222 } ... and more ... ' M(mp") (Ge\//cz) |

mm) First serious tetraquark candidate = Confirmation needed
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D
Z*'(4430) update: Dalitz analysis </>

/o) =y Ay AV =

The default Dalitz fit model used: . PRD(RC) 80, 031104(2009)
: . B — Knt*y(2S) 657 BB
All known K* resonances with J=0,1,2

below 1780 MeV/c?
nlot slices:

Fit with a Z resonance:

60 |- @)

o A -
C\l> L -
> [ -
> Vf N
s | i
£ 20} -
g | bt i

O-' '+'"‘ _Illlllllllllll(dl)
"}\_, 60 [ D

— X .

O 40
®
S
£ 20
2 | ARLE

0- |||+||?+||||||+|+|
. 60 16 18 20 22
Nf ' M2(r*y"), GeV¥ct
[(}]
° ‘I CL Dbf the fit with
o' L
3 2l Z+(4430) is 36%
z I

0l bttt L

16 18 20 22

» M2(r*y), GeVZ/c*
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D
Z'(4430) update: Dalitz analysis </>

Sum of A, C, E slices (= K*’s veto) :

60

50

40

30

Events / 0.18 GeV?/c*

20

10

0

D
\

BELLE

- Fit with Z*(4430)
- without Z*(4430)
- background |

- T T mAaa L
4 e - — -
r I
-
Ll S

14 15 16 17 18 19 20 21 22

M*(r*y'), GeVe/c?

PRD(RC) 80, 031104(2009)
657 BB

Original result confirmed (w K* veto) &
Z*(4430) parameters updated (w/o veto):

M= (4443 *"_.) MeVl/c?

r=( 107 *°, " _)MeV

Width larger than original (45MeV),
but uncertainties are also large

Systematics studies/crosscheks:
« Z*(4430) signif. in different fit models

always > 5.40
- Not a B—y'K,* (1780) reflection

Br(B'—K-Z+*(4430) )xBr( Z*(4430)—m*y")

= ( 3_2+1.8_0.9 +5.3_1.6 ) x 10
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B°— Kty _, (%, —J/Wy ; JIg—I*l)

D
More Z* states: Z*(4050) & Z*(4250) />

Another B—K1t*(cc) mode :
New states observed in B — Kty . decays

Clear signals in AE, M__, M(J/ypy)

Dalitz plot analysis: K,*(1430) k*(1680)
K,*(1430) K*(1780)

22

21

20

M3y, GeV2ic*

13

K*(892)

¢
A e
R N
- e et PR Y

: ,
. - LS5

15
M (K7,

2
GeVv/ct

2.5 3

/o) =y Ay AV =

PRD 78, 072004 (2008)
657 BB
e — 12126+ 56 142 E_?
P 3 300
2 200 — 8 250
Eod i 100 :
N Wlh ; , 50 |- -
R ) 0bu '3' 3 '55!4' L
AE: Mgy

* Fit model: Include all K* resonances below
1900 MeV/c?

* Integrated X.1, J/@ angular distributions
-~ (NO sensitivity)
« Correction for Lorentz non-invariance
of helicity
 Binned (400x400) maximum likelihood fit
« Fit results depicted in M2 for M,2bands
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D
More Z* states: Z2*(4050) & Z*(4250 />

/o) =y Ay AV =

PRD 78, 072004 (2008)
657 BB

M(xc:T*) for 1<M2(K-1r*)<1.75GeV

Data favour fit with 2 resonant structures:
one Z (10.70) ; Z, and Z,(13.20 ; 5.70 wrt. one Z)

Spin of Z,,is not determined: b
J=0 and J=1 hypotheses give comparable results 2 3
Z, , parameters: = 30
large syst. errors due to model uncertainties g 25 |-
_?: 202—
%’ 15 +
L 10:—
32
%_6 | IS{SI |4 | I4.2 I4.14 4.6 II4.8

M (., 7)., GeV/c?
null hypothesis (CL=3x10-1?)

Z.+Z, model (CL = 42%)
Z1 contribution

BF product comparable to Z*(4430), X(3872)... Z, contribution
Z*(4050), Z*(4250) join Z*(4430) as charged charmonium-like exotics:
Tetraquark candidates
— Experimental confirmation is still needed for all of them
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Z' states: Summary

e No news on Z(4430) seen by Belle in B — K7’ with 605 fb™1
S.-K.Choi et al., PRL 100, 142001 (2008)

e Not seen by BaBar with 413 tb™1!, also in J /7™ decay,
B.Aubert et al., PRD 80, 031104 (2009)

e Confirmed by Belle in Dalitz plot reanalysis
of the same data sample, R.Mizuk et al., PRD 80, 031104 (2010),
M = 4443715710 MeV, I' = 1071557 7¢ MeV

e No statistical inconsistency between Belle and BaBar

e With the same 605 fb~! Belle observes in BY decays two Xc17 states
Z(4050) and Z(4350), R.Mizuk et al., PRD 80, 031104 (2010)

e Non-zero charge = exotic, non-gg nature

Other experiments will have to resolve the issue
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Bottomonium(-like) states

11 0oF Y{11020) E
- Y (10860) -
10.75— ]
| Y(45) 2 M) i
- 3 |
10.50 y(2D) ]
I %, (2P)
10.25 = -
—~ I g{(31D)
&
2
10.00 —
9 X(1P),
v
v
[gv}
S 975 —
Bottomonium
050 [ family
(0,1,2)**  (1,2,3)"
1 2
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uzzies O ecays
Anomalous production of Y(nS) rt'rt with 21.7 b PRDS2,001106R(2010)

PRL100,112001(2008) [ (MeV) el

T(55) — Y(1S)rT7n~ 0.59 4 0.04 4 0.09 %

T(55) — Y(28)r 7~ 0.85+£0.07+£0.16 z

T(58) — Y(3S)rTa~  0.52792% £0.10 02 :
T(25) — Y(1S)n T 7~ 0.0060
T(3S) — Y(1S)n 7~ 0.0009

T(4S) — Y(1S)n 7~ 0.0019 =

(1) Rescattering Y{(5S) - BBmt- Y(nS)me

Simonov JETP Lett 87,147(2008) E

[+

5

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

with anomalous I (J/Q 1T°1T)

Dedicated energy scan L[]
shapes of R, and o(Yur) different (20)

[ =T — |
o o
S —
[— T -]

.008

o o o
o o
(=1
= o

0.002
0.000

¢ Y(1S)n
— #-Y(2S)m
A Y@3S)n

l | : l | l
10.75 10.8 10.85 10.9 10.95 11 11.05

\s(GeV)

A. Bondar

Y(5S) is very interesting and not yet understood =~ = So0C&!

Finally Belle recorded 121.4fp"

)
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bb system: Motivation for h  search

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

70r

) FPCP 2011, J.Rosner

= ] o(e'e — n* x" hy) (scan data)
L @ o (e'e’ — x* o hy) (4170 data)

50f © o e’ = x' x M)

10 Energy dependence

+ -
of the cross section o G Enhancement of o(h, n*n")

@ Y(4260)

30

og(e'e” = a*a” (h_,J/y)) (pb)

20 ﬂ
o lo(h, ) is enhanced @ Y. 7
Pos 4 405 a1 415 42 428 aa ( b ) @ b

e‘e” Energy (GeV)

= Belle search for h, in Y(5S) data
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h_ (nP) states

(bb) : S=0L=1 JPC=1+- 1.00f

Expected mass (CoG of X, )

= (Mypo + 3 Mypq + 5 Myyy) /9 10.76f

AMpg = test of hyperfine interaction 1050 |

Evidence from BaBar zrxiv:1102.4565
Y(3S) = n0h, (1P) = 0y 1, (1S)

<10
LI_III'IIIIIIII"IIIIIIIIIIIIIIIIIIIII|_|

Mass (GeV/c?)
S 3

165
=

9.50

155

150/

1025

(i 10620)
Y(10860)
- — — 2MB)
¥i°2D)
- = .
%, (2P)
—= ¥i°1ID)
-

Bottomonium
family

(0.1.2)** (1,2.8)™
1 2

PO T N N T T N T T T T I I T I B
982 984 986 98B 99 092 994 095 998

m(hh]=9902 i 4{51:31:] i 1{5v5t] MEV{CE
B(Y(35)->1%h) X B(hp->yns)=(3.7£1.10.7) X 10
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Method : 7 |
missing mass Py(5s) Is given by P+~ is measured
technique c.m. energy and boost

Mhb(np) = V (Py(ss) = Pren)? = MM(n*m)
—Search for h (nP) peaks in MM(n*n") spectrum
= reconstruct u*u- in addition to n+n- to suppress background

Raw MM(n*r") spectrum from Y(5S)

3
X107 y(1s) hu(1P) Y(2S) hy(2P) Y(3S)
m-.(_'z _1400 '_ [ 1 1 1 :
> o 1
2 i 121.4 bt
~ 1200 :
P [
£ 1000
=
L

800 |
600 |
400 |

200 |

P T ' a1
9.5 9.75 10 10.25 105
MM(r*r), GeV/c®
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Observation of Y(5S) —h, (nP)

D
o

-1 .
Background Subtracted Results 12147 :
© Y(2S)
2 20000l L Preliminary 5
= ] | 7]
0 : hY
Iz : l 5 l 2
‘E 30000 - Y(18) P
w [ :
20000 | B, ¥(39)
[ é Y(1D)
10000 | ;
: bt | ¥
. AR (L e 1
10 10.2 10.4
MM(z"), GeV/c?
_ Vield 107 Mass, MeV/e?  Signil 5 0x3y:1103.3419
T(1S) | 105.2 £ 584+ 3.0 945042 +0.53 £ 1.02 182«

. ! . - ’a—{—4._.} ') +1.03 9 . o
hff;(lm., h i:;b_” 959820 = L0 6‘ = Significance
35 — 185 55 £+ 19 9973.01 290 W/ Systematics

T(2S) | 1434 +874+6.8 10022.25+041+1.01 1660
¥ IR L o h,(1P)  5.5c
T(1D) 22.1 4+ 7.8 10166.2 + 2.4 240 W oPY 119
hy(2P) 84.4+ 68712 10259.76 £ 0.641 ] fﬁ 1240 b(2P) =0
25 — 18| 151.6 £9.7757 10304.57 £ 0.61 £ 1.03 15.7¢0
T(38) | 449451451 10356.56 +0.87+1.06 850
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Observation of Y(5S) —h, (nP)

Mass measurements

Deviations from CoG of %, masses

ho(1P)  1.62 + 1.52 MeV/c?

consistent with zero, as expected
h.(2P)  0.48 73] MeV/c? } P

Ratio of production rates

L[Y(55)  hymP)r x| _ [ 0.407 +0. 07970 05e  for hy(1P)
[T(55) 4 TS)mia ] 0.78 4+ 0.097075  for h,(2P)
S(h,) =0 :aspin—ﬂip
no spin-flip
Process with spin-flip of heavy quark is not suppressed
No h, signal at Y(4S)

= Mechanism of Y(5S) — h,(nP) n*n- decay is exotic!
This motivates us to study resonant substructure of this
process
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Resonant substructure of Y(5S) —h_ (nPk%

P(hp) = Pyes) — P(r*r") = M(h,n") = MM(n~) = measure Y(5S)—>hyznr yield

_Y(8S)—=h,(1P)mn

> - Data
Sio000f 121.4 fb

v/
~
o
o
o
]

Events / 1

i

LS P |
10.6 10.7
MM(r), GeV/c?

Fit function: |BW (s, My, ) + ae'® BW (s, Mo, T's) + be'¥ |2 22

BELLE

in bins of MM(r)

4 Y(55)*hb(2P)ﬂ’ﬂ' —
%‘ 17500 Data
gwnuﬂ 121.4 b~
212500
L%'IDUDU PHSP .
7300 ailt
5000 | -]
2500 1

i L 1 M L i
10.4 10.45 105 10.55 10.6 10.65 10.7
MM(r), GeV/ic®

NE

arXiv: 1105.4583
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Z (10610) and Z (10650)

Fit results

[preliminary]
Friel siale Ti18w = {28t = T8 '« b 1w 20w

( Zy (1061077, MeV 220+73+2 2114472 1224174 —2.1 +
T Z,(106107), MeV 20L73L2  21144%2 12241744 11.4ti5Rl 16715 +1s |

M{Z(106101), MeV /e 10609 23 -2 10616 = 2'5 10608 L2'5 1080801 — 22150 10506 L7 '5

—1u -

M{Z (1065011, MeV /o2 10660 = 6—2 1063 +2+2  10632+2 =2 106515 = 265750 10651 + 142 |

I{ Z(106501), MoV 12 4+ 101+ 3 161 + :;_4;_@! 104 =261 2.4

l_-"I.'l

a. | |42 I -5
Li g -2 |

=4 -2
[ N5t +iE +.- 7 —it15 e o ML —&1 Hied
Bel avplitude CED L0 I0E nel ortin agad oozl tatiivid 1373355
b ¥ ° ik E" kT s ap— - e ' F b .: I e - —t|

Masses, widths, relative amplitudes are consistent

Relative phases are swapped for T and h, final states < expectation from
a ‘molecular’ model

Z,(10610) Z,(10650)
M=10608.412.0 MeV M=10653.2£1.5 MeV
['=15.1£2.5 McV I'=14.4 +3.2 MceV




Z (10610) and Z (10650) : Summary

Z,(10610) Z,(10650)
Y(1S)n'n lr + *—-— '—-— '
Y(2S)n'n : —e— :—'_ ":" _:"_
Y(3S)n'm —-ik— —-—E —-E— —-—E
h(1P)' -'—.‘ —*—.“ -r-— 1—*—
h,2P)t'n  |—e— : l:- —-;— :.
Average + + + +
B T R T B T R R TV e T R R T R T R R o
® Relative phases: Y(=0°), h,(~1800)  MeV AM, MeV Al', MeV

@ Mass just above B*B and B*B* thresholds

@ Angular analysis favors JF=1*
Indicates Z,’s could be molecules




Summary and conclusions

Charmonium(-like) states :
mm) Following the exciting X(3872) discovery ...
... more information on its properties from radiative decays

... New exotic state observed by Belle in B—y(2S)m*K decays:
Z(4430)* (charged charmonium-like state)
..alsoZ "and Z"in B~ K't*y_, decays

m=) New charmonium[-like] spectroscopy established at 4-5GeV?

Good candidates for molecular states; multiquarks; hybrids; ...
X(3872); Z(4430)*, Z*and Z*; Y's; ...

mm) Same type of XYZ spectroscopy seems to be going on
in the b-quark sector?
mm) As the data taking/processing finished last year,
final results are now soming from Belle ...
B-factories finished - for some final answers
charm-fact., LHC, or we will have to wait for new experiments




Supplementary material

Marko Bracko: Meson spectroscopy at ee colliders Erice school 2011, Erice, Sicily 54



9.0 GeV e~ (HER)
3.1 GeV e* (LER

8.0 GeV e~ (HER.
3.5 GeV e* (LER)

Ratei = Lumi. X o
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eritex detector

. WK_ detector (RPC+Fe)

)

Drift Chamber (small cell




KEKB/Belle and PEP-lIl/BaBar integr. luminosity

Integrated luminosity of B factories

(fb™) Res /E_,(GeV)/Lumi.

Y(1S): 9.46, 5.75 fb!
Y(2S): 10.02, 25 fb'!
Y(3S): 10.36, 2.95 fbt!
Y(4S): 10.58, 710.5 fb!
Y(5S): 10.87, 121.4 fb!
Off resonance/scan:

~ 100 fb?

—KEKB

200 |

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1




BEPCII/BESIII

RF. RE

BEPCIT storage rings

BESIIII detector: all new !

Csl calorimeter
Precision tracking

BESIII Detector

Magnet: 1 T Super conducting

Time-of-flight + dE/dx PID

mem tmineastr ma )
.!ﬁﬁ# 2‘:{..\\ Beam energy: )
Z > 1.0-2.3 GeV
7 2 Design Luminosity:
P K esign Luminosity:
i iy W 1X10% em2st
'f'! \:‘. Optimum energy:
i '-‘3.* 1.89 GeV
> T /,"‘A"D t*  Energy spread:
' — = | m 5.16 X104
; B M":;L‘E . . '; No. of bunches:
.l - s o e b 93
W v g v L Sy, :_‘ Bunch length:
SR i 1.5cm
\t\\ Zoom into the TP ,::‘ Total current:
W\ 7 091 A
p ‘4
\\‘.'\ 7 Circumference :
o _z? 237m

F S

- So far BESIII has collected :
- 2009: 225 Million J/vy
- 2009: 106 Million '
- 2010-11: 2.9 fb! y(3770)
(3.5 x CLEO-c 0.818fb1)

- May 2011: 0.5fb! @4010
MeV (one month) for Ds
and Z spectroscopy

- BESIIT will also collect:
- more J/vy, v', w(3770)
- data at hifher‘ energies

(for XYZ searches, R scan
and Ds physics)

EMC: Csl crystal, 28 cm
AE/E =25% @1 GeV
0z=10.6 cmAE

DC: small cell & Gas:

He/C;H; (60/40), 43 layers
0,,=130 um

o,/p = 0.5% @1GeV

dk/dx=6%

TOF:
o= 100 ps Barrel
110 ps Endcap

Muon ID: 9 layers RPC
8 layers for endcap

Data Acquisition:
Event rate =4 kHz
Total data volume ~ 50 MB/s

(x10°)

200
180
160

—_——y

—

CBAL

MK BESI BESII CLEO BESII



Charmonium-like States (unconventional)

State m (MeV) I' (MeV) JEE Process (mode) Experiment (#o) Year Status
X (3872) 3871.52+0.20 1.3+06 1 +/2=+ B 5 K(xtw J/y) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp — (o~ J/d) + .. CDF [88-90] (np), DG [91] (5.2)
B — K(wJ/fy) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*"D) Belle [94, 95] (6.4), BABAR [96] (4.9)
B — K (vyJ/y) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K(v1(25)) BABAR [98] (3.5), Belle [09] (0.4)
X (3915) 3015.6 £ 3.1 28410 0/2"t B — K(wJd/4) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete” = ete (wJ/y) Belle [102] (7.7)
X (3940) 394213 377 7T ete™ — J/Y(DD*) Belle [103] (6.0) 2007 NC!
ete™ — T/ (...) Belle [54] (5.0)
(3000 3043 + 21 52411 1—— ete” — y(DD) BABAR [27] (np), Belle [21] (np) 2007  OK
Y (4008) 40087134 22697 1~ ete™ o y(wtaw™ T/ ) Belle [104] (7.4) 2007 NC!
Z1(4050)F 4051433 82*3L ? B — K(rtxa(1P)) Belle [105] (5.0) 2008 NC!
Y (4140) 41434+ 3.0 15%4 27 B — K(¢J/u) CDF [106, 107] (5.0) 2000 NC!
X (4160) 4156732 1307113 2T+ ete” — J/p(DD*) Belle [103] (5.5) 2007 NC!
Za(4250)F 4248 +185 177321 ? B = K(m xa(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 4263 + 5 108414 1—— ete™ — y(wtaw— T/ ) RABAR [108, 109] (8.0) 2005 OK
CLEQO [110] (5.4)
Belle [104] (15)
ete”™ — (wha— T/ CLEQO [111] (11)
ete™ — (7%= T/ ) CLEO [111] (5.1)
Y (4274) 4274.418-2 32433 7 B — K(¢J/u) CDF [107] (3.1) 2010 NC!
X (4350) 4350.6175C  13.37I58 02t ete s ete (gJ/U) Belle [112] (3.2) 2009 NC!
Y (4360) 4353 + 11 D642 1—— ete” = y(atw@(25)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430)* 4443+39 107113 ? B — K(wty(25)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 463471 9 g2+31 1-— ete” = y(AFTAD) Belle [25] (8.2) 2007 NC!
Y (4660) 1664+12 48415 1~ ete” = y(am T w Y¥(25)) Belle [114] (5.8) 2007 NC!




D

QD New mass measurement for n_& n_(2S)

Hadronic width of 7.(2S) must be smaller than 7.(1S)

1.(1S) —
— 1,51 = —125
g ,;"/ \1"\. —35
E T /
sl I \\ \ / ¢ Potential model for n.(2S)
K amal A S width prediction not reliable,
0,0 u ) { g : 1 because close to DD threshold
N radius [fm] — would be nice test
""**: \\ / for Lattice QCD
1,0
-1‘5_
1 327 C},'S N2 3 gluon decay not possible
L(So—g9) = ——5(r=0) (parity)




D
X(3872) -»J/y m*m update </O

PRD 84, 052004 (2011)
711 1/fb

Reference Analysis: BoKy', vy —» Jyrtn~

CImns SIS CI11s C1IS
-\‘!rt}( - \/ b} Yy llll I} ) ‘AE E El]e A111
W %00 3.
ot‘lﬂﬂ_— B + 3 370
%n [ %au %ﬁﬂ
2 Preliminary = 290
GO0 [

g

-
=]

ha
=]

{ ¥ N 235245255 265.27 5.28 5. -3 3643653 663 67 168369 3.7 3. 713,721, A% -01 -0.05 1] pos 041 A5 D2
+
Mg /GeV M(J/y nt — )/GeV AE/GeV

=2 =2 =
] B2z S
g, feo g
= =180 =
: - E 5

Preliminary 12 10

104

-
=]

-]

s im ] T el in d
265 2T5.28 5 .d. 553 35?352365 373?1‘!- 3

M, /GeV M(/y o+ - )/GeV  AE/GeV
3-dim fit in beam constrained mass, J/y n+ - mass and AE

at first, fit reference signal v’

— fix core Gaussian and tail Gaussian for resolution parameters



X(3872) —»J/@p m*m update

Events | 0,002 Gl )

Events/ (0,002 GoV/)

My /GeV
3-dim fit
with fixed resolution parameters from v’
Mass MC/data shift +0.924+0.06 MeV, measured and fixed from vy~ mass

-

Events | 0,004 Gel )

Events / { 0.004 GeV/)

T o

M(J/y nt = )/GeV

My ot 1= )/GeV

Preliminary

Ewvents | ( 0.007 GeV )
o

=)

AE/GeV
|

PRD 84, 052004 (2011)
711 1/fb

Analysis of X(3872) — J/§

o =
o

5 events

21.0+£5.7 events



X(3872): radiative decays

O Radiative transistions of charmonia: well predicted by quark models
O Good way to probe charmonium interpretation of X(3872)

L ETHE X(3872) vxe ,ﬁ X(3872)—VXc2 BRLY - wral g @90%CL
. 4 BR|X - J/y mm]
a4l 1 . BR X -
j JJ | X~ W) <1.1@90%CL
0 T I BR(X - J /g i
X . 3.78 3.8 3.82 m— 3.86 3.:3 3.9 3.92 3.94 3.96
M(VXC1) (VX 2)

4200 BR(X 1) too small

E e Y2 (X—YXc1)
4000 2% 35) ,(2040) Il

i h2P) 1%y p) Ws  BR(X=vx:) too sma
WO (T, {10) V{1D) o ruled out by angular analysis
seoofi2s) V4 BR(X—J/p1r) too large

E Ry o m nCZ ( Yy ) g
34000 Xl TP) nc” X(3872) too light and narrow
3'200:_ . ... D°D" Xc1, BR(X—yJ/y) too small

p W —  X(3872)
300011': I I ] I | | | I I

0 r o 1T 2 2z Z § 3 No good charmonium
PC .
J candidate




X(3872): rad. decays - interpr. problems

Q BRX - )
BR(X — yJ /i)

T
0 Components of molecule: DD* (+ J/yp + J/yw) ®~®
Decay: vector-meson dominance and light-quark annihilation

=3.5+1.4 is problematic for molecular interpretation of X(3872)

J /b, 1(28)

0 Such decay pattern implies: BR(X - y@')< BR(X - yJ/y
O  Solution: admixture of charmonium component (for example x.1(2P))
= Decrease X(3872) —yJ/y rate through destructive interference

pANNNANN

J /4, b(28)

Q Radiative decays are worth studying further




Events/ 5 MeV/c?

Events/ 5 MeV/c?

Rad. quarkonia decays in B

700
600
500
400
300
200

L

Xc1

Events/ 7.5 MeV/c?

T 3.65

-
Pr el g aSinbenad sniad i nall

-

lalal

£ al ..-:-;f
%. 33.543.553.563.573.583.59 3.6

" 3.65

D
mesons<./ >

===

Mode Events Significance
2 (o)
B >x, K | 230873
B*>y,, K* 32870 3.6

BR(B*> 7y, K*) = (1.11 + 0.35 + 0.09) x 105

First evidence

Significance includes systematics

Mode Events > (o)
B>y K, 542424
B>y ,K° 287! 0.7

BR (B°>y, K°) <1.5x10° (@ 90% CL)

PRL 107, 091803 (2011)
711 1/fb

V. Bhardwaj et al., arXiv:1105.0177




More info: Z*(4430) Dalitz analysis

Different fit models
and the significance of Z(4430)+:

TAELE L Different fit medals thet are ussd to study evetamatic uncarteicties snd the significancas of the Z{1130)F.

Model
d fault
no B4(14a0)
no K *(1830)
rdesza conztraints on & mess S width
new BT (T =1)
new ' (=12
ardd nop-resonent (25 K- term
#rdd non-resonent ++(25) A7 tarm. relssss eonstraints oo« mess B width
&rdd nop-resonent +(25) £ tarm. new B (S =1)
#rdd non-resonent +[25) K tarm. new B (7 =3)
ardd non-resonent {2557 tarm. oo A7(1110]
add non-resonent ++ {255~ tarm. oo A& *(LES0)
LASS purametarization of S-wara componant

o =] S ofn - e o

e i el
L X =]

Significance of Z(4430)* in different fit models
is always larger than 5.4¢0




Z*'& Z,in B°” K *y_, decays: fit

 data
--- background

Fit results: M?(x.11*) projections in 4 M?(K-1r*) bands — fit function

..... fit function without Z

Null hypothesis: | z
all known K*'s; |z L
poor fit : - -
CL.s3%0™ |2 20 :
= 15 £
= '8 fiw [, AL y i i ﬁ‘ir“w—uh L =L
o =935 e TS50 22 © =336 Hd& zZo 22 ©T93 16 18 20 22 ©7a 46 18 =20 =22
Add Z_)XQE—; MZ (G e, Sevic® M2 T, GewvZrc? MZ2(x ,t7), GeviZiet
signif. 10.70 3 E
(V(-2InL/L,) ), L %
C.L.=0.5% = 33 “’ 3o “Cle
3B =30 30 3
M-=(4150*" ) MeV/c? < Aotadat | 32 =
rZ=(352+99-43) Mev . s e 7'ﬁ';|éﬁrkzlgtﬁézﬁ s L - o= 18 20 23 3 ST R iR

MZ(w ). GewZic® MZ(¥ .t GeVic?

M3(¥ .t ). GeVZc?

Two Z-y 1
signif. wrt 1 Z:

Events 02 GelVc”
Events 02 GeVl

o =
5.7 E E
- <
n O', =2 30 i
= 33 =
- o = 1s T TR + | =
L — (1) B 10 'H-— ! X

| ] | ] [} i [ ) -

g PR nOR TP D o ELF T o et T T g
1< 18 18 20 =22 1 16 18 20 22 1< 18 18 20 22

M7 (), Gew re®

M7 (7)., Gewv ict M7 (7T, Gewvrc?




r & Z, : fit fractions

One Z* Two Z°
Contribution Fit fraction  Signif. Fit fraction  Signif.
Z} (33.17%0)% 10.70 (8.073%)%  5.70¢
Z — — (10.4755)% b7o
K (1.9 +1.8)% 2.10 (3.6 +2.6)% 350
K*(892) (285 +2.1)% 10.60 (30.1 +2.3)% 980
K*(1410) (3.6 =4.4)% 130 (4.4 +4.3)% 200
Koy (1430) (22.4 +5.8)% 340 (18.6 +5.0)% 450
K5 (1430) (8.4+2.7)% b.20 (6.1 +2.9)% bdo
K*(1680) (5.2+3.7)% 220 (4.4+3.1)% 240
K3 (1780) (7.4 +3.0)% 3.60 (7.2 +2.9)% 380

‘ !ere is small net interference eftect




@SS system: Y(2175) confirmed by Belle

Observed in ® 1 system in a dominant

PRD 80, 031101(R) (2009)
673 fb-1

Y(2175) — @ f (980) decay mode by BaBar (PRD 74, 0911(C D06
confirmed by BES (PRL 100, 102003 (2008))

Belle: e'e— ® ' and e*e'— @ f (980) cross section measurements with ISR

a(dm o™

H(1680)

1] M =1689+7£10 MeV
1] r=211+144 19 MeV

; —-Y (2175)
} . —
. M peana] | M = 2070 £ 1317] MeV

25 =102+ 237 MeV

Eop (G2V)
Two incoherent BW terms
» Results are consistent with BaBar/BES;

Y(2175) width is larger, but with larger errors
 P(1680) and Y(2175) widths are both ~200 MeV
mm) An excited 1-ssstateoranY_?

7(9%(980))

Cipf,[DE0Y) (nb)

] L 2. o = HE ]
2 22 24 28 232
E.,, [GeY}

One BW term interfering

with a non-resonant term
(included in

systematics)




@ — -
- =+
@Double cc production:J/yp & C=+1 state

Belle : 357 fb-!
PRL 98, 082001 (2007)

Inclusive production: charmonia X(3940)—D™D ?
X factory  reconstruct J/¥ + only one D
- o+ (to increase reconstruction efficiency)
———p . constrain M ____. (J/Y D)=M(D™)
Reconstruct J/¥Y —t*¢- (to improve resolution: o(M .., (J/w))~10
Jlp (mass & vertex constrained fit) MeV/ CZ_)
i . g AN MrecoiI(J/LlJD)=M(D
* Recoil mass (mass of X): 3 |
\/ £\ ¥ et
Mrecoil: (Ecms_EJ/z//> _pJ/l// = 2+ 1
"V150- 266163 events n.(25) X(3940) oL St
E [ M~3936 MeV/c? \ N>
S f e . e 6 ; (24.5+6.9) evts
100 \' ma L :
< # o.(Mrecoil) ~ 4 = j’ +
[ 30 MeVI/c? 2t SRl ENC I S
0 ew state 0——b ke e LB
B M recoil (‘” llj)
Z <o
Ll | | 1 1 1 | | 1 1 1 1 | 1 1 1 1 | 1 ELE M=(3943i6i6) MeVlc2

2 _ 2.5 3 3.5 4 4.5
M_...(Jy) GeV/c? I <52 MeV @90% C.L.




Double cc production: update

] 693 fb!
* Used the established method to look for the

D®D®™ resonances in e*e'—J/y D*D® with larger statistics ...

« Reconstruct J/¥+D®: Accompanying D* peaks seen in M___(J/¥ D™) distr.
* Processes tagged in this way: J/¥DD, J/WDD*, J/¥D*D*, J/¥D*D,J/¥D*D*

e (all > 50)
= T /D D,
= NN N A
o= THDD | 162225 | 76
et = J/OD'D || 15928 | 65 || 100707 | 5.8
et J/D D 17332 | 56 || 472755 | 84

+. \ I._._+. .._I‘I.._.H H

2H 1.4 1.6 1.8 2_ - 2.2 i 2.4 2.6 2.8
M. ., (Jy DY) GeV/c”

(J/¥ D*™)=M____(D™) and look at
M__(WJW¥)=M__ (D*D™) distributions ...

« Constrain M

recoil

recoil




@ Double cc prod.:

—

‘\'N\‘\‘\

;.M_s#hﬁ%t*

|'*""|I|I|||
T Hmmwﬁimﬁﬁ

1

1.6 =2
Fatrs D 3 Ge\f/cz

./ﬁ:'l:"iﬁ,lff“’; rﬁtaebk”* ++E RO

25 M

e‘e'— Jiy D D*

I ‘ ! N oy o W tarh o
A__# ‘
1 + + J.+J» ‘H- ‘H’J’ 4- ++ S +*+J'++¢*-r4ﬁ**

LIS ARG

e ‘M(D*D T
M (3942 * .1 6) MeV

r_(37 +26_‘|

M{DD) Gewv/e®

si 12) MeV

Mrec(J/ED) N

X(3940) and X(4160)

PRL 100, 202001(2008)
693 fb?

Lt e £ Jﬂﬁi&i
T MDY
t:é e‘e — J/y D* D*
X(4160) |
J( 5 5g New!
M(D*D* GeV/e

I— (139 +111-61

M=(4156 **°_ t 15) MeV/c? C =+1:
i 21) MeVI/c? X(4160)¢t|1(4160)

 Possible assignments: n (3S),n (4S),x_,(3P) (but masses 100-150 MeV too high)
* Needed to be done: angular analysis; search in yy—DD*, D*D*




Z: e*e—J/ycc cross section @ ~10.6 GeV

» Model-independent measurements of e*e'—J/ycc cross section
- Simultaneous fit for all double charmonium final states PRD 79, 071101 (2009)
(below open-charm threshold) 673 fb-L

-Pairs of J/ and ground state charm hadrons:

:

N/40 MeV/c?
o LYY

+ - -0 + + +
100 e*e—J/yH X (H =D° D*, D_*, A*)
MALOG) v
S o H =po [
* O /5001 J/l|.l c
=
S 200
S 1000
| ' 500 100
0 + | 0 0
22 26 3 34 3822 26 3 34 38
' 2 1000 .
Mecon(p') GeV&? Mecon(X_,) GeVre 60
750
40
500
Nk
250 ' 20
, H_sideband ,

2.9 3 3.1 3.2 3.3 2.9 3 3.1 3.2 3.3
M(I'T) GeV/c? M(I'T) GeV/c?




Q.(B e*e—J/ycc cross section @ ~10.6 GeV

» Model-independent measurements of e*e'—J/ycc cross section

PRD 79, 071101 (2009)
673 fbt

TABLE II. Cross sections for the processes e e~ — J/ X,
Jier, and J/ e X oo cr ([pb]). and characteristics of the J/
SPectra ( €pey, g, and orp4); ¥/ ngor values for the correspond-
ing fits are listed in parentheses.

[N}
S
S

~
S
S

S

S .."' l.'_'p" X J ,."' l.'_'p" [

.17 = 002 0.74 = 0.08 0.43 = 0.09
1.19 = 0.01 0.73 = 0.05 0.48 = 0.07
0.16 = LOL(8.9)  0.10 = 0.02{(0.6)  O.32F018(1.6)
0.03 = 0.03(0.6) —0.197333(1.0) 0,41 3552(1.2)
0.69 = 0.05(3.3) —0.26+224(0.5) 5.2+61(0.3)

"F l'II I"I'I; ":f T = aod

do(e’e — JAy X)/dp” (nb/0.5GeV/c)

Conclusions (new constraints for theoretical models):
« e*e—J/ycc is the dominant mechanism for J/y production in e*e-annihilations
«e*e—J/ycc is dominated by cc fragmentation into open charm

( only )
) ~ O(1)

e o(ee—J/y cC) | o(e*e—J/y X

non-cc




Study of 1-- states with ISR

- Initial state radiation(ISR) gives access to J’° = 1-- states €

« Two main characteristics of ¥ x 1
ISR physics at B-factories:

- Continuous ISR spectrum gives access to the wide Vs range e*
- High luminosity “compensates” for the emission of hard photons

=) Sensitivity comparable to direct energy scan (e.g. CLEO-c, BES IlI)

* Y(4260) — J/ytr'mr observed via ISR by BaBar (confirmed first by CLEO)

i
Q

PRL 95 ,142001(2005)

- Y(4260) o - _wes)

W
Q

!

Events / 20 MeV/c?
_%HE 5
1 2
3 3
=

I 13638 A4 43 44 46 48 5

-t
o
T T 11 T 11

: 14
= - - fT m&ﬁ
88 a2 a2z a4 as a8 5
m(Jd/v) (GeV/ic?)




Study of 1" states in e'e—y  J/ym'm

==) Using BaBar's approach BOF T ;
Study of e*e—y sz J/yT*Tr- also by Belle ool T - B
Reconstruction: ' & J/y(—e‘e,u*y) T Y(-'4-,26o) _______ o
(no extra tracks allowed; y .. not detected ) E o en i
el : : > i S New? . - PRL 99, 182004 (2007)-
Missing(recoil) mass identifies ISR: ¥(4008) /" £48 fh1 !
_ * 2 * 2 52
Mrec_\/( Ecms_ EJ/t//Tr+Tr'> _pJ/gun+1T'

Fit to M(J/pTr*mm) with two coherent BW curves
Y(4260) is confirmed also by Belle

New Y(4008) resonance? Not seen by BaBar ... - Ubdate  idpiri
L F@ até preliminary 3
> 80F & p ]

State | M, MeV/c? | Tyor, MeV RS Y(4260) BaBar -

— S ok E

] Y (4008)(4008 + 407324 (226 + 44 + 87 = | -

(4008) 2 sof 344139 events -

4259 +872 | 88 +2378 3 Y((:AOOB) q } E

- » 305 X, }L H 454 fb- _;

o R YR RSy
4284717 4 | 73132 15 105_; o ¢ R

=) 9.8| | |4 |4.2| | 44 | I4.6| | ‘4.8| | |5 B I5.2| | |5.4‘

‘ Y (4260)| 4247 + 12737 |108 =19+ 10 (Tl p)(GeV/cY)




Study of 1" states in e'e—y,  Y'm'm

=) Similar approach also for:

o Study of e'e—ysr W(2S)T 1T
* Reconstruction: ' & Y(2S)(—1rr M d/Y(—ete, )
(no extra tracks allowed; y .. not detected )

* Missing(recoil) mass identifies ISR:
* 2 * 2
Mrec:\/( Ecms_El//(2S)Tr+Tr') _ pl/l 2S)m'm

* Fit to M(g(2S)m*1’) with two coherent BW curves
 Belle's Y(4360) resonance:
close to BaBar's Y(4325), but narrower

Entries/25 MeV/c*

* New Y(4660) resonance by Belle? (Seen also by BaBa

-
o

—
o

“New?

PRL 99, 142002 (2007)
673 fb-1

: New? -
 Y(4380) y(ag60) b
:;en -uTﬂ-:ﬂIijﬂg

M(m T w(2S)) (GeV/c?)

7
r?) pri 98, 212001 (2007)

o [

State | M, MeV/c? | T, MeV

—
o
T I T

Events / 50MeV/c

Y (4325)| 4324+ 24 172 + 33

Y (4325) 4361 +9+9 |74+ 15+ 10

.

Y (4660)|4664 + 11 + 5| 48 + 15+ 3 ;

Y(4325)y(28)m %
tivae60) 7

298 fb

5 5.I 5
mmI/y) (GeVic)




Exclusive D*)D(*) cross sections w. ISR

< W= :

- e*‘e— DD, DD* D*D* cross sections g1F *H +++ ' DD
measured with ISR : ++,J'|+’++++H+ HH by

- DD*, D*D*: using partial o itl * By wihi Lo 22
reconstruction; y . detected ab W g 2 ' DD
DD: fully reconstructed; y . used if 20§ §++*++ iﬁ;
detected 0 Ll *.Af - ‘:m;;;-‘(';ow

* Recoil mass is again used v g hiv B o i
to identify ISR events 2b TRELE S DD

- Method is well established o it T i

1 I?RL100 062001(2008) + g

- Difficult interpretation o.5f DD H+
in terms of resonances N uH"futm-h.L .ﬂ'|_‘|1+'|_'|,h|'ﬂ+.|.“+ﬂ
(there are many maxima/minima, 0 _"RL LU +
model dependent coupled-channels TENSNS +++ *
and threshold effects...) 0 :. o WHW“#{

3.8 4 42 44 46 4.8
\Js C‘Te‘ivﬂr"t.:2




1-- Y states: What are they?

mm) Difficult interpretation
Charmonium options:

« Y states above DD threshold

but don’t match well the
peaks

in DODO) cross-sections
- Large widths for ymrm

transition: not likely for
conventional cc

* No cc assignments available
in this mass region

(there are too many 1- states)

| N & 0 O

Events / S0MeV/e

Y(43.2T)\—>l|1(28)1T o

Other options: i Y(1660? ?
- Charm-meson threshold : 114
effects i
- DD, or D'D, molecules T wf
* cqcq tetraquarks S
* c¢cg hybrids predicted@4.2- ;5\«
5GeV DD, mode shoul s
dominate AR

L L 1 L L L 1 L L P L P 1 L
4.8 5 52 5.4
mGTtrtae I/ (GeV/c?)

« Coupled-channel effects eET T




e‘e—y . pmwm: BaBar & Belle combined fit

Combined fit to BaBar and Belle data on e™e™ — 77 9)(295)

= Z. Q. Lin,¥* X 8 Qind? and C. Z. Yuanl*

5

;--E';

E i ' | |

::3 100} :
= 1 Brst FTt ]
9 = « PBele |
& =2 754 * -
= — I EaBar |
- v | ]
& R

'[4'.'? T

- =

S =

Z =

s

o

. 5
Y5 (GeV)

T'IG. 4: The results of the fit to e7e™ — 777 (25 data from Belle and BaBar. The =0lid curve
show the best fit with three coherent Breit-Wigneras: the ¥7(4280), ¥7(4360), and ¥(4660), and the
dashed curve iz the signal shape of the Y7(4250).
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