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Constituent Quark Model

The model was proposed independently by Gell-Mann and
Zweig in 1964 with three fundamental building blocks:
1960’s (p,n,A) = 1970’s (u,d,s):

mesons are bound states of a of quark and anti-g :
5] :w-a-umimm—.i_ _ — O . 1 _ J— _ . 72-_ — dﬁ
w =ud 7w = F(uu—dd) 7 = du

K'=us K'=ds K°=sd K =su

baryons are bound state of 3 quarks:

uud n = udd N = uds
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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 d
Glueball

. s Ud
tightly bound 0
6-quark state d S

: e
Color-singlet multi-an.,
gluon bound state‘g@g

Q

Tetraquark mesons Q
tightly bound loosely boqnd@n
diquark-diantiquark” \u meson-antimeson  » O
“molecule” \9)

qg-gluon hybrid mesons C'ﬁ%



The X(3872) in B2>K ntn-J/y
discovered by Belle (140/fb)

PRL 91, 262001 (2003)
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State m (MeV) ['(MeV) JPC Process [mode) Experiment (#0) Year

N(8372) 8371524020 1.3940.6 177/27= B — K{n*a~Ify) Belle [85, 86] (12 8), BARAR (7] (R.6) 2003
(<2.2) pp—= (nFa=J/Y) + ... CDF [88-90] (np), D@ [91] (5.2)

B = K(wJ/v) Belle [92] (4.3), BABAR (93] (4.0)

B = K(D°D") Belle [94, 93] (6.4), BABAR [96] (4.9)

B = K(qJ/y) Belle [92] (4.0), RABAR (97, 98] (3.6)

B -+ K(vv(28)) BABAR [08] (3.3, Belle [00] (0.1)
X(3915) 39166+3.1 28410 0/2" B K(wJ//v) Belle [100] (8.1), BABAR [101] (19) 2004

ee” s ete (wifY) Belle [102] (7.7)
X(3340) 394273 aTEie "+ eTe” = J/y(DD*) Belle [103] (6.0) 2007

e“e” = Jjy (L) Belle [34] (5.0)
G(3900) 3943+21 52411 17— e'e =2 9(DD) BaBAr [27] (np), Belle [21] (np) 2007
Y (4008) 400821 26297 177 ete” = y(xTT J/Y) Belle [104] (7.4) 2007
Zi(4060)"  4061°%3 g2tet 7 By K(r' xa(1P)) Belle [106) (5.0) 2008
Y(4140) A1434£3.0 15"} T+ B K(¢Jly) CDF [104, 107] (5.0) 2009
X (4160) 4156538 139l ™ etem s ujp(DDY) Bells [103] (5.5) 2007
Z,(4250)t 4248%'5 17779 ? B = K(r* xa(1P)) Belle [105] (5.0) 2008
Y (4260) 4263 +5 108+14d 177 eTe ol w 1) BABA4R [108, 109] (8.0) 2005

CLEO [110] (5.4)
Belle [104] (15)

e*e” = (ata"J/Y) CLEQ |L11] (11)

ete” = (2n"J /) CLEO [111] (5.1)
Y(1214)  AAradrii a2t " B K(eJ/¥) CDF [107] (3.1) 2010
X(4350) 49306739 133714 0277 eTem s ete(8/Y) Belle [112] (3.2) 2009
Y(4360)  4353+11 965442 17 ete” a y(x 7 $(25)) BABAR [113] (np), Belle [114] (3.0) 2007
2(4430)*  444373% w07 2 B — K(n*y(29)) Belle [113, 116] (6.4) 2007
X(4630) 4631° .4 02t % 17 ete 2 v(ALA) Belle [25] (8.2) 2007

Y(4660)  4664+12 48415 177 eTe” o y(x 7 w(29)) Belle [114] (5.8) 2007
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ete- hadronic cross-section

BaBar PRL 102, 012001 (2009)

L — s 0.6 T T T T T
Y(15) | : Y(55) ]
) ~ o Y(§S) E
% au ] 0.4:—Y(4S) _g
£ 50 4 ] ¥ +T WL f
[ 1 B i 2
= -y Y(2S) ] 0.3~ w#{ﬁ**( m* H*%Hi =
0r ¢ ' ] : f } ’
I o f.x Y(3S) ] 0.2f * | =
J@_J, 5 (J \\+ + *\_ y Y(4S) - | Belle took data at z
o P a M d 01f- E=10867+ 1 M3B 3
: 1(15) ~ Y28)  Y(3S) RO . .
S 94 00100 103 107 105 I o we R TR T
Mass (GeV/c?) ZM(B) ZM(BS) \'s [GeV]

et e ->Y(4S) -> BB, where B is B or B

et e ->bb (Y(5S)) -> B®B™, B®B™x, BBnr, @) Y(AS)nm, Y X ...
main motivation
for taking data at Y(5S),




Puzzles of Y(5S) decays

Anomalous production of Y(nS) n*n- with 21.7 fb! PRDS2,091106R(2010)
PRL100,112001(2008) I'(MeV) g 0012
T(55) — Y(18)rt 7~ 0.59 + 0.04 + 0.09 % 0010~ § y(1S) .
T(58) — T(28)7Ta~ 0.85 4 0.07 +0.16 e ++
T(55) - Y@ES)ata” 052030 £0.00  MO? £ CT }
Y(25) — Y(1S)mt 7 0.0060 el ) *
Y(35) — Y(1S)nt 7~ 0.0009 0.000 = ' *
T(4S) — Y(1S8)rt 7 0.0019 o

(1) Rescattering Y(5S)—»>BBran—>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 )

R, = o[bb] / c°[upu]
-
| |

............

Dedicated energy scan = ' ' O Ns(Gev)
shapes of R, and o(Y=n) 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 —» n*nw h, by CLEO  arXiv:1104.2025

Ryan Mitchell @ CHARM2010 v*ah, at 4170 (Allv_ Modes)
s 70 = .
£ N .. = 1a0f
= 60: [ ) og(e’e — n" " h;) (scan data) w .
‘2,_' e oe'e —a*x hy) (4170 data) ? 'E 1200~ CLEO
:'5 500 O  o(e'e =t w i) W jo0f Preliminary
+: - 80 +
ro 40 Energy d d
© - gy aependaence &0
' 30 of the cross section o
oI.I.I B 40
20 2 t
- Ba 3.45 3.5 3.55 3.6 365
10; ' Recoil Mass (GeV)
: L1 L1 ‘ I | ‘ I I | | I | | I |
é?95 4.1 4.15 4.2 4.25 4.3

e‘e” Energy (GeV)
Enhancement of o(h, )

@ Y(4260) —> o(h, n*r) is enhanced @ Y7
—> Belle search for h, in Y(5S) data 5
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Events / 5 MeV/c’

D

Observation of h,(1P,2P)

e*e > Y(5S) » hb(n reconstructed, use M ;s (")

<10 — 2
N% 1400 \/(Pe'l'e' PTC+TC') Y( 11020)
= 1200 11.00—
§ rooo [ Y(10860)
" o . PRL108,032001(2012) -
. R res) @ 10.794~ T
40000 = ] 0O - :
_rqw cj!:‘.trllbugg SR 2 N
30000 L s : MG, Gevrer 1050 Y [—
: i : N,(3S) LBS)
20000 [- reSIduaIS ; hb(lP) . 2:__ AbAT hb 2P) Xb(ZP)
10000 | .
5 [ Mp(2S) L@s)
0 ) l‘l.} m pll i lp‘ll | mlhh ” b |H| ihth | o b h p(1P) _Xb(l P)
_ TH“”I II lllr,”lﬂlﬂ.“ll Hllln ﬁlﬂ' lllﬂ.l L AMHF(lP)T —
96 9.8 10 M (Genre) 9_75:_
Belle arxiv:1205.6351 i
AMpe(1P) = +0.8 £ 1.1 MeY, ) \cistent with zero 9.50 1as
AM,(2P) = +0.5 + 1.2 MeV/ ’ - 1,5)
HF as eXpeC’[ed jPc=p*t1— r* 0,1.2)*t

Large h,(1,2P) production rates
c.f. CLEO e*e" — y(4170) > h_ nt*m
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Events / 5 MeV/c’

Observation of h,(1P,2P)

e*e > Y(5S) » hb(n reconstructed, use M ;s (")

<10 — 2
N% 1400 \/(Pe'l'e' PTC+TC') Y( 11020)
= 1200 11.00—
£ 000 [ Y(10860
7 so ! PRL108,032001(2012) ( \ )
oo gi b YQes) ) 1079~ T
40000 | = 1 0 s
" _ra\'lv eiSStrI' UE)I'S 10.5 . _Y‘is_ _ = = 2_'\/|(§
30000 | Y(15) ' MM ). GoVie: 10.50 . —
: i : Ny(3S) 1B39)
20000 | residuals hb(lp)‘ o = h,(2P) %u(2P)
| | : 28 & —
10000 5 i Y:ZS}
: TR AT 100~ 12 h (1P)
. ,,}.h.ﬂ”.{#} #HJ u}llﬂ*{ﬂllnﬁnnlh}.hl i se / Mp(IP)%b
| bl A =
. . M _(Gevel) %7 Y v’3\°
Belle arxiv:1205.6351
AMe(1P) = +0.8 + 1.1 MeY, , \qictont with zero 050~ 1as)
AM,(2P) = +0.5 + 1.2 MeV/ ’ [ 1,d5)
HF as eXpeC’[ed jPc=p*t1— r* 0,1.2)*t

Large h,(1,2P) production rates

c.f. CLEO e*e" — y(4170) > h_ nt*m h,(nP) decays are a source of n,(mS)

11



</~ Observation of h,(1P,2P)— n,(1S) vy

|
= My Belle : 57.9 + 2.3 MeV

O iy : 3o i 1(11020)
é of arxiv:1205.6351 W\ PDG’12 : 69.3 + 2.8 MeV 11.00: Y(10860)
mg 7.sf—hb(1p)\> Np(1S) | _ L
0 | e |BaBar Y(3S) 7% T
2 - __ 18S9 e
Qo5 10.50~ —
= 7F - —e—i BaBar Y (2S) s ) Y@ES
= 4 i S) 1(3S)
o OF - >\ 1 N,(2P) %u(2P
s f \ —e—1 |CLEO Y(3S) 102" =
z il ool Np2S) 12D
R pPNRQCD LQCD 1 Ny (1P) Xp(1P
2t 73020 50 60 70 80 - —
A AM, (1S), MeV/c? ore |
S TR | | Kniehl et al, PRL92,242001(2004) [ Y
88 9 I'\ehz('n)' 9(\ N 'q.a')' 9.8 Meinel, PRD82,114502(2010) [ o<
. TT'TT 9.50— S )
miss UL T - MR(S) T AM(1S
Mizuk et al. Belle PRL 109 (2012) 232002 JPC =Dt 1 1+(0,12)"

~

~—~

=+

Belle result decreases tension with theory

First measurement T" = 10.8 *39 *}5 MeV
as expected 12



</~ Observation of h,(1P,2P)— n,(1S) vy

e+eL' SY(5S)—sh. (nP reconstruct o000 PRL101, 071801 (2008) _
>5) b_(>n)( AMe(15) 2a0- BaBar Y(3S)—>ym,(1S]

_ ° Belle : 57.9 £ 2.3 MeV £ - ;

g arxiv:1205.6351 IW\ PDG'12 : 69.3 + 2.8 MeVF‘gmo‘

y(1P)— n,(15) e

N — g
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E 5t * -2000}H *H | Xp(lp)l | | .
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= I —e—i BaBar . .o v

I >\ T "~/ _PRL103, 161801 (2009)

o Op T A 8

é CLEO é 00| BaBar Y(ZS)—)ynb(].S}_

S 3:_ V\ = s000[— -

5 of P 40002

2 2 o £ o

P pNRQCD LQCD 2 2000

2t T30 4050 60 70 80
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< Kniehl et al, PRL92,242001(2004)

¥ RPN L | N TR M P .
8.8 9 9AN) 94 . 96, 98 Meinel, PRD82,114502(2010)
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First measurement T" = 10.8 *39 *}5 MeV !
as expected -l
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= First evidence for n,(2S)

BELLE

e*e—>Y(55)—h, (2P) T Mizuk et al. Belle PRL 109 (2012) 232002
— M,(25) ¥ AM,£(2S) = 24.3 *40 MeV
First measurement

arxiv:1205.6351 —PRL

f\l‘.9 i

230_— (C

o [ PNRQCD LQCD

I Np(2S)

>, 20 Belle

| 4.2c i 1,

o i

Q I

e T 2 03 04 05

R AM(2S) / AM(1S)
0 In agreement with theory

57 98 99 10 101
(2) (ﬂ - )
Miniss (7Y I'(2S) =4 + 8 MeV, < 24MeV @ 90% C.L.
expect ~4MeV

Branching fractions 56 Expectations
BF[h,(1P) = my(15) y] = 49.245.7 % 41% Godfrey Rosner PRD66,014012(2002)
BF[h,(2P) — n,(1S) y] = 22.343. 8+3 1 L% 13%

BF[h,(2P) — n,(2S) y] = 47.5+10. 5+6 g % 19%

c.f. BESIII BF[h(1P) — nJ(1S) y] = 54.3+8.5 % 39%
14



“Signal” of exclusively reconstructed n,(25)
Dobbs, Metreveli, Seth, Tomaradze, Xiao, PRL 109 (2012) 082001CLEO data

e'e” = Y(25) > 1,(25) 7, My(25) = 4,6,8,10 1%, K&, p/p o "AL020)
3 ] (26 channels) | Y(10860)
R 5: Y(ZS) 10.75_—
§ of L __ 185 _ _ _awe
Wil ., 1050~ —
2 L S) Y'(3S
ok 1. s S ) nL(2P) %(2P)
ISSU A M (MeV) g
. L L < LM28)12S
Bg from final state radiation can mimic signal | ,/ Y hy(IP) (P
e.g. ¥(2S) » K'K' n(n'1) yes~~ not discussed - T
ower law tail instead of exponential °7§"hadrons
Large production rate: N n,(2S) ~ 0.2 N y, ¢ ctor 30 > n,(1S) 1as)
C.I. T(y'—>nc(2S)y) = 0.007 I'(y'—>xc17) JPC=D* 1 1042

BESIII arxiv:1205.5103 —PRL

Large AM(2S) CLEO 48.7+£2.7 MeV < strong disagreement with theor

S0
Belle 24.3 'Y MeV & agrees with theory

Reported excess Is unlikely to be the n,(2S) signal ¢



“Signal” of exclusively reconstructed n,(25)

Dobbs, Metreveli, Seth, Tomaradze, Xiao, PRL 109 (2012) 082001C:1 FO data
1S DISCONFIRMED BY BELLE:

- NEVAY Ko Y ol N, la Yo - - - - aYal {
ete — ;oo - e — Using our record data sample: 1020)
> o= 1o - on peak 25 fb™ (157.8M Y(25) decays, 16x CLEO)0860)
= 2% % - bkg: 87 fb @ 10.52 GeV
o &R = 1074~
i £ 100 ; 10.5cT _________
& so : o Y(3S
Ti SR NESRIES)
oE, T B N . g e hy(2P) 1 (2P)
0.05 01 0.15 0.2 0.25 03 10.29~ - ==
ISSU il =7 ' A W (IVIEV) g
G (2S) Y(29)
: .. . = 10.00- b
Bg from final state radiation can mimic signal | ,/ Y hy(1P)x(@P)
e.g. Y(2S) —» KK n(n'm) vesr not discussed

ower law tail instead of exponential s75-hadrons

Large production rate: N n,(2S) ~ 0.2 N y, ¢ ctor 30 > n,(1S) 1as)
C.f. T(y'—n(2S)y) = 0.007 T'(y'—>%c17) JPC=0* 1 1t (012"
BESIII arxiv:1205.5103 —»PRL

Large AM,(2S) CLEO 48.7+2.7 MeV < strong disagreement with theorye, &
Belle 24.3 'Y MeV & agrees with theory

Reported excess Is unlikely to be the n,(2S) signal



11.00 —

Mass, GeV/c2
5
S
|

partial I"(ke

9.50
- Mp(1S)

JPC =

10.25:— @

9.75;— / @

Y(11020)
Y(10860)

10.753— i

Y(1S)

<> Anomalies in Y(55)—(bb)r*n~ transitions

Belle: PRL100, 112001 (2008) _1q0
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)
B o Q% expect suppression ~Aqcp/My,

@é‘?\d @ H W etry

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

0+ 1~ 1+

h, production mechanism? = Study resonant structure in h,(mP)r*n"

17



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

P(hy) = Pyss) — P(n'n) = M(hyn') = MM(n) = measure Y(5S)—h,zzyield
In bins of MM(7)

~, 108] =4 -
S phase-space MC| Krmd <00} data
3 0T e [
= — ©10000 |
% 10.6 D= = :
——— 2 8000}
T —— § |
—— W 6000 F
104 5= .
3 4000 |
10.3} |
[ 2000 . .
10.2f :
B (HHHHIHJNHHHHHWH T T
LT a—y 10.6 10.8 T T [ 7
MM(rc*), GeV/c? " MM(n), GeV/c?
Fit function |BW (s, M,,T,) + ae’® BW (s, My, I'y) + be'|? % [preliminary]
S
Results M, =10605.1 + 22730 Mev/c2 ~BB* threshold Significances
[ =11.4733 721 Mev a=18T 0401 2 vs.1: 7.4c (6.6 W/ syst)

M2 - 10654.5 + 2.5 +1.D MeV/c2 ~B*§* threshold 2Vvs.0:18c (16(5 w/ SySt)

r,=209% 1" % MeV o =1sg+4 +igegree  NON-Tes. amplitude ~0



Resonant substructure of Y(5S) —» h,(2P) m*n

o, 10.75 ey o :
% 107 phaserspace MC Wy 17500} data
= —— © 15000 F
£ 1065 — Ny :
— £12500 |
= j06F— o
— 1110000 |
10.55 | ool e
| - PHSP_ [ [Tk
10.5 . :_ 5000 | T l},
L compine [ f :
10.45 2500 F
LI ]
1035 =907 ——F05 106 107 4 10.45 105 10.55 (106 10.65 1
i : : i : . .55 0. : 0.7
MM(r*), GeV/c? MM(r), GeV/c?
h,(1P)n*n h,(2P)n*n [preliminary]
M, = 10605.1 & 2.2 730 MeV/c? 10596 + 75 MeVi/c?
- N 16 4
ry=11.4435 721 Mev S 16 015 Mev
= 10654.5 + 2.5 1 2o 10651 £4+2 2 anifi
M, = 10654.5 + 2.5 71 Mevic2 5 MeV/c Significances
_ +5.4 42.1 & 11 +8
[ = 20977 757 MeV Q 12757 75 MeV 2Vs.1:2.70 (1.906 W/ syst)
S
a=18*0+01 © 1.3 73 o 2 vs.0:6.3c (4.70 w/ syst)
@ =188 721 5 degree 255 735 112, degree
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M(u*w), GeV/c®

Exclusive Y(5S) ->Y(nS) ©t*r -

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) > p+pu-

_ , Lo  . L . . o -:‘I'" . . ] . '
9 9.5 10 10.5
MM(x*r), GeV/c? 20



<2 Resonant structure of Y(55)->(bb)r*n-

Y(5S) - hy(1P)'r

(Events/10 MeV/c?)

12000 NQ 17500:_ D
[ > [ <O
10000f 1O NON-TES. =15000f
F contribution o ;
8000 T 12500f phs_p
6000} % 10000 .
> b e
4000 ph P @ 7500F i}
? + 5000 | .].
i L 2500 4
104 105 106 10.7 104 105 106 107
M[ hy(1P) m*] M[ hp(2P) n*]

. Y(SS) —)Y(lS)n T Y(5S) »>Y(2S)n*m
-------------------------- UL B AL B AL LN BN B B
:%D | ] R :—P |__—————————:

6ol : note different scales : .
i ! 1 - |

%’ 60 :
n 1
; 1
"":’ 40 :
w B i
E'i 20 | i

10.1 10.2 .
M(Y(1S)T), .,

104 105 10.6 10.7 10.8
, (Gev/c?)

Y(5S) » h,(2P)n*r

Two peaks are observed
in all modes!

Belle: PRL108, 232001 (2012)

Z,(10610) and Z,(10650)

should be multiguark states

Dalitz plot analysis

— T

0 OO 0 s 0 0 5 Y B ot e
10.4 10 45 10.5 10 55 10.6 10 65 107
M(Y(28)T),,,, (GeV/c?)

Y(SS) —>Y(38)Tc T

L ] 0 4
10.7¢ 10.58 10.62

M(Y(3S)T) ..

10.66

10.70

, (GeV/c?)

10.7¢
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<2 Anomalies in Y(55)—(bb)r*n~ transitions

11.00 —

Mass, GeV/c?2
S
3
|

10.00:— Np(2S)

partial I'(ke

9.50
- Mp(1S)

JPC =

10.25

Y(11020)
Y(10860)

10.752— -

9.755— /' @

Y(19)

o+ 1

1-+

Belle: PRL100, 112001 (2008) _1q0
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)

B o Q% expect suppression ~Aqcp/My,

@éﬁ\d @ H W etry

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

&L Branching Fractions

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

o(ete> Y(1S) v
o(ete™> Y(2S) v
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

Y(1S)r ™

Y(2S)r T

Y(3S)rtm—

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

Total S—wave, %

4.8+1.2113
B
0.87 +0.327775
14.6 £1.5163

3.3
86.5 +3.275%

18.1 +3.1%32

' 0.9
4.06 +1.27552
4.09 +1.019:32

101.0 =4.2752

30.0 + 6.3+54
7 2.6
13.3+ 3677

44.0 £ 6.211%

he(1P)m

hy (2P

nen-resonant, 7o
Z,(10610) . %

Zy(10650) , %

32 (<22 at90% C.L)

9 9+8.5 +6.7
4‘“3—1.2..'_ —0.5.

. +10.3 +4.1
G{12—21.1 —4.5

‘ar 9+15.6 +0.1
.3*-"—f—9.4 —13.4

'G4JS+15.2 +8.7

—11.4 —15.5
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Y(5S)->Y(2S)a*m: J° Results

100_ Ill]l[lllllIIIIIIIIIIIIIIIIIIIII ]
116 N (a) 0.0GeV< M(x'm )< 1.0GeV ]
o + (e 80 |- ]
_ Y(2S)mw* 1 Data o :
1 > C 1
“u [ 5 60 - ]
~ 114 - 1o r ]
| % b ]
0 p 40~ 7
(U] - 5 L -
N i > i ]
3 B o2 .
g112 C ]
— - ]
B s C i ] ]
— L o o8 oo e I
/)] - q0.4 1045 10.5 1055 10.6 10.65 10.7 10.75
o 2
ot i M(Y(28)m) ., (GeV/c?)
N;’no—
L . . P
_ Toy MC with various J
108 1 1 1 I 1 1 1 I 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8
M (n*n”), Gev:/c?
115""I""I""I""\""\""I""I"" 115""I“"I""""I""I""I""I"‘I AL LN UL B IR IR UL I 116""I""""I""I""I"‘'I""I""
] | Toy MC: J'= 17 | Toy MC: J°= 27 L Toy MC: J°= 27 |
e . L e . L s 1 il -
3 |y % Iy -
[} g [<] + E 1] 1] L 4
j11z — - __?112 — 1 jHZ ~ -1 j112 '— —
wu 4 w L 4 ] 7] L 4
) | o o g | |
t11l:l — - ‘:"110 — - E‘HD — -1 E’ﬁD —
& w | 1 & I - |
108|\|||||||||||||\|||‘|||\\|||\||||||||\|_ 103|\J||\\|||\|||‘|||||||||||||\|||\|||\\l_ 108\||||\||||||||‘|||\\|||\|||\||||\|||||| 1nB'\||||\|J|‘|||\||||\||||||||\|||\\|||\||q
0 0.1 02 03 04 05 06 07 08 0 0.1 02 03 04 05 0.6 0.7 0.8 0 0.1 02 03 04 0.5 0.6 0.7 08 0 0.1 02 03 04 05 06 0.7 08

M (n'n"), cevi/e*

JP =1+

M (n'n7), cevi/e!

FP=1

M (n*n), cevi/e!

JP =2+

M’ (a*'n"), cev?i/e!

JP=2
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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 Tzu;llllll

%l P=1*1-2¢ 2 1o
2 o0 N v :
3 | | T % ol . : glu;
2 40f M 0 0 6@f
g 0 § o
8% é £ ul

FD.:

M(Y(28)m)___, (GaV/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)
ol Spin parity of Zb(10610) and Zb(10650) is 1+.
W ('), Gevi/ct All other J’<3 are excluded.
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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*
‘Z> \/’Obb®10q \/71bb OQq
‘Z> \/’Obb®1Qq \/71bb®OQq

Explains
» Why h,twt is unsuppressed relative to Y1t
- Relative phase ~0 for Y and ~180° for hy,
* Production rates of Z,,(10610) and Z,,(10650) are similar
« Widths —'—
« Dominant decays to B(*)B*

Other Possible Explanations

« Coupled channel resonances (l.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)
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Y(5S)>B"B)rt: B Select

BELLE

BELLE

2-body Y(5S) decays

B*B*

<€

BB*
BB

o e ta et te s s
B R
et e e e e et

B,

ﬂ

Data (B signal)

(I

2
R R
s
RN R KK RN
o S 0 53

Si%etetelolete
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GeV/c

P(B),
3-body Y(5S) -> B(*)B(*)m decays & rad. return to Y(4S)

P(B)<0.9 GeV/c
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I

MC: B*Bn

[4)]

=]

=]
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I

Events/ (10 MeV/c)
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=1
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46 4.7 48 49 5 53 54 55
rM(Bn), GeV/c>

hQ
8 N AL L L L LB LI L L

70

60

MC: B*B*n
50
- (shifted by 45MeV)

a0
30

20

Events/ (10 MeV/c)

10

0— 1 (1L cof I I IIIIIIIIIIIIIIIIIIIIIIIIIIIImIII
45 46 47 48 49 5 51 52 53 54 55
rM(BT), GeV/c?

Fit yields: N(BBm) =

Y(5S)=>B Bl )it: Data

120
i S =)
. 10 Data g
3 I BB*nH
5 80 |
= ! *k Pk
"y B*B*1t
o L
e i 'lﬁﬁﬁ
g 40 - ﬁﬁggb
v
< 20 K i
S O
» B
5 5.1 5.2 5.3 5.4 5.5

rM (BT) , Gev/c?
Red histogram — right sign Bt combinations;
Hatched histogram — wrong sign Brt combinaticiis;
Solid line — fit to right sign data.

03+14
N(BB*r) = 184 19 (9.30)

N(B*B*n) = 82 *11 (5.70)

28



0

BELLE

50 LI I r—r T [ ~rrrrrrr L L A I
i %* =)
- BB*r | zb(1g610) B
. o ,, o BELLE
g 40 I _ Z,(10610) +
> C | |2 Z,(10650)
(1] 5
= 30 "-'._‘ PhSp —
0 - , Z,(10610)+
n = s . PhSp
£ 20 < —
5 - - Z,(10610) + -
S - NEE Z,(10650) + -
g . + . | PhS
Z 10 — OIQ L A+ p _
C L
oL L1 e A R ]
10.6 10.65 10.7 10.75
rM(m), GeV/ c?

points — right sign Brt combinations (data);

lines
function = Gaussian

hatched histogram — background component

with c=6MeV).

Nevents/5 MeV/c2

50

30

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

- B*B*nmt
40 i

IR D
Z,,(10650)
6.8c

VS )
<o

BELLE

Z,(10650)
alone

PhSp

Z,(10650)+
PhSp

rM(m), GeV/c2

— fit to data with various models (times PHSP, convolved with resolution

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

BB*n data fits (almost) equally well to a sum of Z,(10610) and Z,(10650) or
to a sum of Z,(10610) and non-resonant.

.olIIIIlIII|IIII|IIII|IIII
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<> Y(55)->B*B")rt: Results

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

BBr < 0.60% (90%CL)
BB*n =4.25+0.44 + 0.69%
B*B*1 = 2.12 + 0.29 + 0.36%

Assuming Z, decays are saturated by the already observed Y(nS)m, h,(mP)mt and

To be compared with PRD 81 (2010)
f(BB*m) =(7.342.2+0.8)%
f(B*B*m) =(1.0+£1.4+0.4)%

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(25)rxt 4.38 +1.21 2.40 £ 0.63
T(38)m™ 2.15 4 0.56 1.64 4 0.40
hy(1P)m™ 2.81 = 1.10 7.43 £ 2.70
hy(2P) 4.34 4+ 2.07 14.8 +6.22
B*B* + B'B** 86.0 + 3.6 -
B*+pB*0 — 73.4+£7.0

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




Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

Observation of Z_(3900) at BESIII

BESIII: 525pb1@4.26 GeV

100_—
80+
60 -

40

2014

885588

o

—4- Data
=== Tptal fit
Significance e
. >8c + [ sidetand
I
et
- |1.|+

—
=
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?)

ME(n) (GeV/c?)?

Belle: PRL 110,
252002(2013)

J0 11 12 13 14 15 16 17 18
MA(mrdly) (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” -> (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 '

BESIII: 1309.1896

j:; 120 ]

2 100, 3, Simultaneous fit to

g £ 4.23/4.26/4.36 GeV data, 16 1,

% éof . - decay modes.

S ot "o @ 4n | M =4022.9+0.842.7 MeV/c?
sl . [ =7.9+2.7+2.6 MeV

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

o 18 10
z *  Significance: 8.9 (Z.(4020))
St ., No significant Z.(3900) (2.1c)

ISf— 4

14; 2

0

I B B BN PR AT BT B
180 01 02 03 04 05 0.6 0.7 08
M. (GeV/e?)
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Observation of Z_(4025) in e*e” -> t(D*D*)*

L
o
o

N
o
o

-
o
o

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

| —%— data ——Z_(4025)
0 ws - PHSP
[ e Argus fit to sidebands
: +
+
- ot
[ — E l . l ........... 9
I_]l +

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

Fit to t* recoil mass yields 401447 Z_(4025) events. >10c
M(Z.(4025)) = 4026.3+2.6+3.7 MeV; 1(Z.(4025)) = 24.8+5.6+7.7 MeV

80F —4—data  —- Z(4025)

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

60F B ws

n
o
T I LI

BESIII: 1308.2760

W A
o o O
T I LI I LI I LILILI

Events / ( 2.5 MeV/c* )

—_—
o
T[T 11

402 4.04 406 4.08
RM(r) (GeV/c?)

R

_ o (& — 27 (4025)-> 2 (D))

¢ (& — Z(TD))

olele - 72 W'D)) = 137+ 9+ 15 ph
— (65+9+ B)ﬁ
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Summary of the Z_states

Mass (MeV/c?) Width (MeV)

=Ty 3899.0+-3.6+4.9 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 79+27+26

C

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

1o difference 2c 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 Charmonium-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
IP

New beam pipe
& bellows

Replace short dipole
with longer ones (LER)

ﬁH“Eﬁ%Hﬁ - — P
Add / modify RF system
| ’\:H, “:HL:H:HEH 1':{: — Low emittance

for higher beam current
positrons to inject

Redesign the lattices of HER
& LER to squeeze the Damping ring ” \
———-

Positron source

'!?

Low emittance gun

emittance

[NEG Pump])
Low emittance

electrons to inject New positron target /

capture section

TiN-coated beam pipe with antechambers To aim x40 |uminosity



First measurements

< F “Beie

- —— Babar

0.5 5_ H i’fm ﬁ+ +

9 A i

0-4:— } } T
S | J+' s :

0.25 5_[—| | | | |I1|f‘rl+} t ”I Hlftiil t

“‘?ni'. | '1'tt.lﬁ'5' o7 io7s i08 '1'3;(55'5) -'llul?él"l' :E:"s' | '1|1r (651)1.5;'?',1 1.1
~ “/5(GeV)

m Measurements of the Y(nS)rt*n, h,t*nt cross-section vs energy

® Z,’s cross-section

ml Radiative and hadronic transitions



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*
‘Z> \/’Obb®10q \/71bb OQq
‘Z> \/’Obb®10q \/71bb®OQq

Explains
» Why h,trt is unsuppressed relative to Y1t

- Relative phase ~0 for Y and ~180° for hy,

* Production rates of Z,,(10610) and Z,,(10650) are similar
« Widths —"—

Predicts

 EXistence of other similar states
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arXiv:1105.5829 12GeV

Z,)

2,)= 7 0u 8L+ 551,20,

Zb EEEE WbO Xb
0-(1*) 1*1*) 0*0*) 1(0%) 0*(1*)

—

Wy
1(1%)

O
77 9:8L 51,80, 11.5GeV ==

@ BR*

Wb2
0*(2*) 1(2%) O (1)
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Ly &)
o Summary

m The first exotic bottomonium-like Z,* states were discovered
in decays to Y(1S)n*, Y(2S)=*, Y(3S)r*, h (1P)x*, h,(2P)r*

m 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(5S)->B(*)B*r is tiny, relative motion B(*)B*is
small, which is favorable to the formation of the molecular type
states

m Y(5S) [and possible Y(6S)] is ideal factory of molecular states
® In 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 a1



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
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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

s h
/
Q ! Q o Q
) aQ) | Q) | _ '
Tl f s
n 7 < > n’
(¢ Q) (¢ Q) o o o g,
Q Q Q

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

No other resonances predicted

j Z,(10610) j Z,(10650)

YaS)'w - o — B(*)B* interaction switched on =
Ys)T'T e . 1| 1 N individual mass in every channel?
Y@ -q— _._ _._ _,_
hy(1P)' 1 > —— .- .
h,P)r'n  fe—s ! : ; ——
Average + + + +

...1I0..-.6‘...1|O. ..... 1I0... 6 ...1IO. ..... 1|6...'O....1I0. ..... 1Ié.. 6 ...1I0...

AM, MeV AT, MeV AM, MeV A", MeV
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Amplitude

Cusp?

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

T(53)

Not a resonance

1

Im T

0.5

 10.6044

(a)

imT

Line-shape

(a)

05 - ReT |/}
L \‘\- ]

Int

0.5

0 0

05 L 1 "1 _gs
10.58 10.605 10.63

(b)

Mass (Gel)

|
10.66
Mass (GelV)
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M(Y(18)m) ., (GeV/c)) M(Y(28) 1), . (GeV/e’) M(Y(38)m),,. (GeV/c))

120 gy T T T T 120 80
~ 100 L @ 1 . am [ (e ~ B ]
$"F ﬁﬁ EE .,H'{'”H‘}' 2 Lo .
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5wk 'H J% 1 2 LE 3 I H"{ ]
il TR B b Pap L
R I KA A N R A i -
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| MR'TL, (GeV/e) MiT'T), (GeV/e')

Improvement | : | BW amplitudes describe Z, states very well.
due to inclusion | ] : .

£ o ctat 40- 1 Resonant behavior of Z, amplitudes
orostate 20, | (intensity & phase).

Bavanl A1
92 04 068 08 10 12 14 16
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Bvents /0.1

Lventa/0.1
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0

Events/ 10 MeV/c*

Y(5S)->Y(nS)nr’

Y(1,2,35)—> s, e*e, Y(2S)-> Y (1)

W mOno e*e om0 Y(1S)[I*I'] =*n 7Or°
o, o, 20
70 Y(2s) E or E Ty Y(ZS]|
60 “E.,.?, 60 & ?ﬁ 16 - |
wf  Y(1S) §wf Y(25) w R reflection
12
® | ©EY(1S) N wE
30 \ Y(Tsﬂh\ 30 [ \ |‘| \ \ { 8 ig
o C ' ¢F | o
T A .
STL WL W PO B T
09.0 9.2 9.4?“' 5.6 9.8 10|'CII | ‘IIU|2I ‘IIC;A; | I1;6 UB.D s.'2 9.4-I I*IS.HE B.BI*I :C:IIIJ | I1Cl|2I | I1C|14I- | I1;6 OB.SI l I10.0I l I1C|l.1I | I1I£Z|L2 l I1II|I.3I | I1l.'l.-1;
M, . (1'1"), Gevic? M, (n'1"), Gevic? M(Yr'n), GeVic?

o[e*te—>Y(5S)—>Y(1S)n°r°] = (1.16+0.06+0.10) pb

o[e*te—>Y(5S)—>Y(2S)n°r°] = (1.87+0.11+0.23) pb

olete =Y (55)—>Y(3S)n°n°] = (0.98+0.24+0.19) pb
Consistent with % of Y(nS)r*m

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

<=  Y(2S)n’rn’ 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 L
B . 0 . B . i
« 30F withZ? wi/o Z,,7 - - with Z,0 0 -
v F o 1« I b w/o Z,° ]
~ L . 0
S a5k \ = g | 1 4
Q . 3 > 12 | —
= B n &
o 20 - i ’
— B ] <H = -
S 15F - by i 1
s - . 2 6
g 10 ] 0 -
5 F r - n
0 [ 25 H 0 L1 & iz
104 1045 10.5 10.55 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(3S)n"),,,, GeV/c

m 709 resonant structure has been observed in Y(2S)mn® and Y(3S)m°n°
m Statistical significance of Z,°(10610) signal is 6.50 including systematics
m 7,9(10650) signal is not significant (~20), not contradicting with its existence

® Z7,°(10610) mass from the fit M=10609 * 4 £4 MeV/c?  M(Z,*)=10607+2 MeV/c?
50



Ly >

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

2500
Charged B:
. Data :_"’:D
~000 I — — DO[Kmt, Ko
N\C{ =/ ¥[pu] K
% s
=1500 — Neutral B:
o i — D*[Knrt]rv
31000 i L““J““uu.ﬁq ~ )/ P[pu] K*
ﬁ i — D**[Krt, Koy, Ko e
& 500 [
! Effective B fraction:
0 1 | 1 1 I 1 1 1 1 I | 1 1 1 I 1 1 1 1 I 1 1 1 1 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.
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Selection

Decay chain  y(»58) 5z, m «~—

s by (OP) 7 reconstruct
> Np(MS) y

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

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

(o]

© [
> 12000 F
Q [

oM
o
o
o
o

T

8000 bg. suppression x5.2

Events / 1

6000

o % ____________ gt
g - "

2 N X X M T ] M X |
10.4 10.5 10.6 10.7
MM(r), GeV/c?
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x10°

Moo (T7) Spectrum

requirement of intermediate Z,

2000

1800 F

Events /5 I\erV/c2

1600 |
1400 F
1200

1000

15000

Events / 5 I\/’leV/c2

10000

5000 -

|

| K

|
|

10 10.1
MM(r'1), GeV/c?

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

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

Previous Belle meas.: arXiv:1103.3411

(9898.3 £ 1.17)) MeV /c?
AM [N, (1P)] = (+1.6 + 1.5)MeV/c?
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BELLE

Results of fits to M,,,i.<(7"n") spectra

—_—
n o
——TT

Yield. 10° / 10 MeV/c?
o

-
o

hy,(1P) yield

||‘| l|||ﬁ|

y

|
i
tHy
o Iﬂni ,M"Mw
Y(25) yield

|
w Np(1S)

|

"‘W no significant

ol M

J*

h

|

| Reflection vyield

i

m </ structures
| /

9 092 94 096 >
AM_ (n'Ty), GeV/c

9.8

Peaking background?
MC simulation = none.
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Calibration

Use decays BT — Y1 KT = (Jhy y) K7

Photon energy spectrum

—
N

 MC simulation

—
N

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

Xc1 > Jwy
CO0SOe >—-0.2

Yield, 10% / 2 MeV/c?
>

o N & o oo
R R B B L B

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

c0SOe| (%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 |

T A T B B &
9.44 3.46 3.48 35 3.52 3.54

M(Jhyy), GeV/c?

= Correction of MC
mass shift 0.7 £ 0.3 92 MeV

fudge-factor

) 1.15 + 0.06 + 0.06
for resolution
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(fb)

Integrated Luminosity at B-factories

asymmetric e"e” collisions

1200 —

—KEKB

ot

1000 |

ey

|

Vel

7

400 |

//

200 |

./_I

7.

> 1 abt!
On resonance:

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

Off reson./scan :

~100 fb-1

530 fb1
On resonance:
Y (4S): 433 fb!
Y (3S): 30 fb!
Y (2S): 14 b

Off reson./scan :

~54 fb-1

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

Bs Y(45): 711 fb2
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Description of fit to MM(w*r)

Three fit regions

, 107 Example of fit i; 14;2 1 /;\
2 5000 " 00}
§4500 600; | o n
400F o .

4000 200f ol

\
e BG: Chebyshev polynomial, 6t or 7t order
Sosooo} TLS) Residuals|  Signal: shape is fixed from p*pntn data
520000 “Residuals™ — subtract polynomial from data points
15000 Kg contribution: subtract bin-by-bin

g TNATIN P 2 X e

WWW LAY W‘ e e |

05

93 94 95 96 97 98

0475 |

MM(x*n), GeV/c? 00 "
0.45 |- N e 8 : !
- Y(3S) |
0425} . s _ 3
9P T R ' o, 901 70.15 102 70.25 103 10.35 10.4
#0.1 10.15 10.2 10.25 10.3 0.35 10.4 e e -

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



(Events/5 MeV/cz)

(Events/5 MeV/c?)

Results: Y(5S)—Y(2S)xto-

70 e ]

60 (b) 10.5GeV< M(Y®W) < 10.6GeV -

50
403—
30 b
203—

10

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
M(x'nT), (GeV/c?)

50 T

[ (b) 10.4Gev< M(Ym) < 10.5GeV ]
40 - —

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
M(m*TT), (Gev/c?)

x 7

M (Y (2S)

116

—
—
o

108

(b)

V! ;,- . l.,?;.'\':::-a;“; m‘

oy e,
i :gﬁ?#ﬁgfd‘:

”.-.. -.'“'. .,ol.. oy .h;,‘s

I hh |' "‘

" ‘“.}dr\" ¥

/5 MeV/cz)

N

M ('), GeV/c

0.8

en

(

(Events/5 MeV/cz)

40 e
(b) 10.6GevV< M(Yn), < 10.65GeV
30 — =
20 — =
10 — =
Py .
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
M(T*TT), (GeV/c)
60 [T T T T
0 F (b  10.65Gev< M(Yn) < 10.8Gev B
a0 ]
30
20
10
oL ileiy, !
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
M(T'TT), (GeV/c®)
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Results: Y(5S)—Y(2S)xto-

116

i s e aannanss D SARRSREA S Ra S S e s n ey L S T e o o T e

(a) 0.55GeV< M(n'z")< 0.70GeV

(a) 0.40GeV< M(n'n")< 0.55GeV (a) 0.70GevV< M(n*n_)< 0.77Gev

(a) 0.77GeV< M(m'n’)< 1.0GeV

|
L L
M NS S A WA N
LA e s B B B L B
LA e s B B B L B

PRI TR SRR R R

[ IR NSNS I SR |

! +“"+"“"““““+"’ : br® ] D il . '++ +++L ! Ithe, R 1 | I t Mo I } TN AN I B B
0.4 1045 105 1055 106 10.65 10.7 10.75/0.4 1045 105 1055 10.6 10.65 10.7 10.7504 10.45 105 1055 10.6 10.65 10.7 10.75).4 1045 105 10.55 10.6 10.65 10.7 10.7
2 2
M(Y(28)71),,,, (GeV/c") M(Y(28)T) ., (GeV/c®) M(Y(28)m), ., (GeV/c?) M(Y(2S)m),_, (GeV/c?)
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(Events/15 MeV/c%

Results: Y(1S)tor B

GELLE

70

signals
60

50
40
30

20

10

ol
@0

98 10 102 10.4

M(Y(1 S)7"), GeV

reflections MY (1S)7t), GeV

80 LUNLINLUNLIN LU L I L L L L Y LU L O L L O L DL B 120 rrrr|yrrrrrrrrrrrr [ rrrrrrrr T

(b)

100
60

80
40 60

40
20

(Events/20 MeV/c?)

N
0
~
>
[i)
=
o
—
~
)
P
=
0
>
5]

20

[=1=]

0 TR R Rtk L e e e T T wTe N N 0 5458 et ate w2
101 10.2 10.3 104 105 10.6 10.7 10.8 2 04 06 08 10 12 14 16
M(Y (1S) )

(GeV/c?) M(n*nT), (Gev/c?)

max’



(Events/5 MeV/cz)

Results: Y(2S)x o B

GELLE

100 _I T 1T I T 1 1T L L L I LI L L I T T T T I T T I T T T I_ ° 1% -I LILEL I LI LI L I 1 LILEL I LI T 1 T I LI T I-
I ] signals 5 ]
80 [ . 80 |- .
0 |- : oo |- :
w0 b . wf -
20 . 20 | -
- reflections | ]
L W o T 4 BT T e m b W, Sete sTaTs ! THS Bl W i ]
Q10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 0‘10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8
MY (2S)xt*), GeV M((Y(2S)xt), GeV

100 -I T T T I T T 11T I T T T 1 I T T T1T I T T T 1 I T T 11 I T T T I- 120 _I TTT I T T 11T I T T T 1T I T T 11T I T T T 1 I T T T 1 I T T 1T I_

v 80 . v .

S ] 5 oo F ]

) B ] Q 80 - 7

= 60 N ] = C .

S ] S OF E

)] 40 - L ]

R ] e af 3

g - ] g C ]

B 20 g B 20 [ .

0 [ . e BNy " ] 0 C Lk b, ]

10.4 10.45 10.5 10.55 10.6 10.65 10.7 10.75 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
M(Y(2S)n) ., (GeV/c?) M(n'n), (Gev/c?)
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(Events/5 Mev/cz)

100

=]
o

60

40

20

Results: Y(3S)mxtor

19,

120

100

o0
o

60

(Events/4 MeV/c?)

a7 e e e e e J A L1l
10.6 10.64 10.68 10.72 10.76

M(Y(3S)xt*), GeV

(e

10.66 10.70

1062 10.74
(GeV/c?)

M(Y(38)n)

max’

(Events/5 MeV/c?)

D>

GELLE

100

80

60

40

20

4

19

50

8 10.52 10.56

MY (3S)x), GeV

10.6 10.64 10.68 10.72 10.76

40

30

20

10

05

0.35
M(n'n’),

04 0.45
(GeV/c?)

0.55
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D>

<> Summary of Z, parameters
Z,(10610) Z,(10650)

Average over 5 channels Y(1S)n'n i—e— . i ———
(M, ) =10607.242.0 MgV Y™ '8 — B | B
(I')=18.4424MeV  Y@ESn'm - — + ~

h,(1P)' - ¥ | 8 .
(M, ) =10652.2+1.5 MeV | | | |
h(P)'n | —— — n | | B
(I, )=115+2.2 MeV : ; ; | ;
Average -f— —f— f -f—
...1|(.]...0....1|D. IIIII 1ICI}” 0 I”1IDI” II-I1|(I]I”0“”1IOI IIIII 1I[I}” 0 ...1|D...
AM, MeV AT, MeV AM, MeV AT, MeV
Final state YT(1S)mn™ TR2S)r 7 YES)r - hy(1P)rtm~  hy(2P)mn 7
M|[Z,(10610)], MeV/c? 10611 +4+3 10609 +2+3 10608 +2+3 10605 +277 10599757
I'[Z,(10610)], MeV 2234+ 77100 242431730 176+£3.0+£3.0 114755730 1370t
M|[Z,(10650)], MeV /¢ 10657 £6+3 10651 £2+£3 10652+ 1+£2 10654 +3715 106517313
'[Z,(10650)], MeV 16.3+9.850  133+33740 84+20+20 209F5421 947t
Rel. normalization 0.57 £ 0.2175 55 0.86 +0.117595 0.96 4+ 0147005 1.39 £ 0.371092  1.6705T06
Rel. phase, degrees 58 + 4375 —13+£ 137 —94+19FL; 187 W+ 181180 T,

Z,(10610) yield ~ Z,,(10650) yield in every channel

Relative phases: 0° for Yo and 180° for hynr
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<5 Summary of Z, parameters

Z,(10610) Z,(10650)
Average over 5 channels Y(1S)n'n - 0 i ———
(M, )=10607.242.0 MgV Y™ [ 8 e | B
(I';)=18.442.4MeV Y@’ —- —— + -

] — O — NO
¢ = 180 Q= 0
E‘IZOOO; 100 [T
gmooo;— § so;_ - s
o 8000} E’ N ] v
2 6000 a f .
. > 6000¢ oo F
1;}1[1‘21 & 4000} 42 a0 .
L < 2000} ¢ f :
[ Zy -200f0i4, el 904 1045 105 1055 10.6 10.65 10.7 10.75
_ . _ 10. 5
Ee}. M(hy 1), GeVic2 M(Y (28)T) .., (GeV/c?)
el.

Z,(10610) yield ~ Z,,(10650) yield in every channel
Relative phases: 0° for Yo and 180° for hynr 65



hb reconstruction N

b P Y(5S) ’t
.. n
Missing mass to nw system “p Detected
< i
— 2 Pbeam
Mhb(nP) = ( PY(SS) - Prin)® = MM(m+m-)
| | WEPY hy2p)
Simple selection: x103  Y(1S) Y(25) Y(39)
't : good quality, positively identified «, ) — —
(1)) L
Suppression of continuum events E 1200 |
FW R2<0.3 P [
S 1000
i :
= Search for h,(nP) peaks 800t
INn MM(mt*rt) spectrum 600 | l
- 1
s00f 121.4 fb i
200 |
TR M T R o1 T

MM(r*r), GeV/c?



