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Y discovery in 1978

, Y, Y’ discovered in ete™ annihilation.
DORIS ring at DES

09 : . CLEO group at CESR
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Xy(*P5 1 o) Observation in 1985

Photon spectrum from Y’ decays. Crystal Ball Collaboration at DORIS II.
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The bottomonium family

[N=]
[, ]

- Y(15)
CEI
g
g1p 4
= i Y(25)
0r 3
LX)
CR R R 1(4s)
o 1 bov N TS T YL S
() Y2S)  Y3S) 1(45)

944 946 10,00 10.02 1034 1037 1054 I 10.58

Mass (GeVic') 2M(B)

BaBar, CLEO collected large Y(3S) data because its rich decay trees.

1062

Mass (GeV)
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10.4

10.2

2540610-s012




Entries/0.005 GeV

Old strategy: vy lineshape

BaBar’s n, discovery

PRL,101, 071801 (2008)

x108

T(3S) — ymp

/2540510-6011
T L

10

|I|'I|III|III|II

[
o N

Events / 2.5 MeV

o N A~ O

o]

2

Eventis / 1.0 MeV
N

0

CLEO’s Y(1D) discovery

PRD,70, 032001 (2004)

2540610-s013

(a)

N

10100 10125 10150 10175

Recoil mass of two soft y from the

Y(3S)—yyyyl"l~ events.

10200



10.8

Y(5S) is just different

10.6
10.4

-k
o
[y

M(up) (GeV/c?)
© ©
o

o o
[EINS

—
=]
III|III|III|III|IIlI"LJ.LI|III|II|III

©w

e*e > Y(1S/25/3S)

(a) purnn candidates

Process Ly (1s)7+ 7

Y(2S)— Y(18)7+ 7 / 0.0060 MeV
Y(3S)— Y(18)7r 7 | | 0.0009 MeV
Y(4S)— Y(18)7+ «—-r— 0.0019 MeV
1Y (10860) — Y(1S)7* ﬂr/ " 0.59 MeV |

D>

/O

' :.;2]+16| - 'o.:;;'"”.{' 2 14 :
~ X
AM = M(upnm)-M(up) (GeVic?) 100
. Process o (pb) I' (MeV)
Y(5S)result: (21.7607) G0 v 16120102012 059 < 0.04 = 0.09
Belle, K.F. Chen et al. YQS)7 7~ 2.35+0.19 = 0.32 0.85 = 0.07 = 0.16
e 1 T 1+0.55 4+ £~ +0.20

Y(IS)K*K~ 018572088 £ 0.028  0.0677997 + 0.013

So Belle took large data at Y(5S) resonance. Now 121.4 fb~! total.



The mt*mt~ transition of Y(5S)

‘ Good for study of unknown particles

Missing mass technique

Full reconstruction, when the decays of daugher particles are known.

Y(5S) —> Y(1S,2S,3S) m+n-

% Y(nS) >u + p-

Missing mass technique:

Y(5S)

e

— h,(nP)

P(5S) from accelerator information

TT+TT-

\

P(rtrt) is reconstructed.

M(h) = \(P(3S)-P(z' 7)Y} = MM (7' 7

missing mass of 777z~

Since we don’t need to reconstruct h, decays...



Results of m*nt™ missing mass study

Y(15) ho(1P) y(25)  hu(2P)y(3s)

1ao0o0 |
1 =200 f— ;
1 000 f—
s00 f— ‘ ;
aA00 f—
oo [ :
o O I
. . I MM(nTn‘)r Gewv/c=
N ! . ey I
S 4o000¢ ! o AN 121.4 fb
2 go0f v residuals ! a5 | PRL108 032001
it : |
200002— (P % h,(1,2P) JP=1+
10000} | |§P, 15t observations
St Wiadh b o dea ol At
T AL L .
9.4 9.6 9.8 10.4

MM(zr), GeV/c?



h,(1,2P)unass

(bb) : $=0L=1 JPC=1*+

Belle PRL 108, 032001

Expected mass: center-of-gravity
= (Mypo + 3 My, +5My,,) /9

AMy = test of hyperfine interaction

Deviations from expected masses

h,(1P) (1.7 £1.5) MeV/c?
hy(2P) (0.5° “ 6 ) MeV/c?

Agrees with expectations

9.6
170>:'<1'0\3“'I"'I"‘I"‘\"'I“‘\"‘\"'I‘:‘ T(IS)

Previous search

9.4_] n,(1S)

At dbdb 45

Spin and Orbital Angular Momentum

165

.« BaBar

155

150f

 Y(35) > m°hy(1P)

982 984 986 988 99 992 9.94 996 998

MM(n%)

arXiv:1102.4565



Large Y(5S) = h,(nP) wt*r rate

S=1 for Y(5S) ; S=0 for h,

Spin-flip

4
L(Y(58) > h,(nP)z*z”) _]0.407+0.079% ;5 b, (1P)
C(Y(55) - Y(2S\)7z+7z_) 0.78+0.097%  h, (2P)
No spin-flip

Process with spin-flip of heavy quark is not suppressed




CLEO-C’s ete™ - wttt hg cross section

An interesting comparison! 7,’(5(hC 7t+7t_) = G(J/\V 7T+7T_)
r(Y(4260) = J/PYnn)>508 keV@ 90% C.L.

PRL107, 041803 (2011) => Large!! X H.Moetal, Phys. Lett. B 640 (2006) 182
arXiv:1102.3424
+ — ° °

g 7O n*n~h, production is
S 1 o o ) (soan data) enhanced at Y(4260)
= 50;_ A o (e'e -t h) (4170 data) T
= 40} o {L
It-’. - O og(e'e 5 ntnw Jy) |
33 n*n~h, may be
T 20F
o 1 enhanced atY,
o =
bLu O: %[ - \/\

3.9

5 4.00 4.05 410 4.5 420 425 4.30 {7
e*e~ Energy (GeV)

Substructure of '~ h_in Y(4260) has not been studied. Original Motivation

Substructure of *nt™ h, : Enough statistics in Belle’s Y(5S) data. for h, search



Resonant substructure of h (nP)rtr”

Now look at the missing mass of a single pion ", then MM(rt") = M(h,, t*)
data (MM(r*1™) ~ M(h,(1P)))

10.8 o~

N-‘:’, o [
S = 12000 F
° 10.7F N @ ;
O =
~ o © 10000
£ 106} 2 29 =
= s %) £ gooo b
10.5F Q o
B | f— A “ eooof Phase
10.4 . [
i a000f SPIce
10.2 2000 T-[ i
0 _ TT
10.1F phase-space MC Tﬂ' A
] | _2000 i T | 1 | ]
%% 02 104 106 10.8 10.4 105 106 107
MM(r"), GeV/c? MM(r), GeVic?

Fit Function: | B (s, M, T",) + ae BW (s, M,,T,) +be" [> £

Js

Significances with systematic: 1 resonance v.s.0: 6.6 ¢
2 resonances v.s.0: 16 o



Similar analysis for h, (2P)mt*rc

Significances:  For hy, (2P) yields in MM(rr") bins, the allowed phase space is smaller.

1 resonance v.s.0: 1.90
2 resonancesv.s.0: 4.7 ¢

o4 : h,b(lp)ﬂ""ﬂ'_ hb(ZP)ﬂ'"‘ﬂ'_
g'7°00p data Mz, | 10605.1 +2.2757 10596 + 75
515000 F +4.542.1 +16+13
o500k L'z, 11-4—3.9—1.21 ( 16 104
Mz, | 10654.5 £ 2.577°0 10651 + 4 + 2
10000 F 5.4+4+2.1 +8
F Phase; |f: I'z,, 1141_471_5]7 121_;;] 1—2
7500 F space. + ot+1.040.1 +3.140.4
: é a 1.8 g7 05 L35 1 o7
5000 : +4444 +564+12
.3 b 188 55 g 255 "7y 183
: NR ~ 0 ~ 0
0:— 'L
104 70.95 705 1055 106 10.65 107 Mass/width in MeV(/c?), phase in degrees

MM(r), GeV/c?

*Good agreement between h, (1P) and h,(2P).
*Non resonant part ~ 0: Nearly all produced through

Y(58) > Z"n7 > h(nP)r* 7™
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M (Y(1s)m, ., cevi/c!
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Dalitz Plots of Y(5S)—> Y (nS) m*r-

g

05 1

W (r'T), Gevi/ct

116

W (¥(28)7},,,, Gev'/c'

116

Y(3S)mtm-

& o -
IR PRt et O
- ":Il:luu.‘.. . -'3l rr 1-.
S e
L L
T i
e it s 0
B T T -
€, .F?.l'.', LR Ry
EA TR -.--}ﬂ'ul

Exclude high background from photon conversions

02 03
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>
S(s,,8,) =4 Z,, "'Azb2 + A +4 - (980) + A, 1270 |

Isospin symmetry

JM. T, 4

\\]Mkrk

g2
s, =M Yz,
—_ i¢/c
AZM =aq.e
M
_ 2
Ay =c +c,M;

-8, +iM, 1",

M,f —s, +iM, T,

A. Voloshin, PRD74,054022 (2006)
Prog. Part. Nucl. Phys. 61,455 (2008)

Flatté

D-Wave
Breit-Wigner



Summary of parameter measurements

Belle PRL 108, 122001

o A
@
T~
~
_ >X
[ % ] e
e

£ e
+ %
£  7,(10610) E, Z,(10650)
Y(1S)n'nw —— —— —e .-
Y(2S)n' T | . - o
Y@ES)n'w ~+— —— —e ——
h,(1P)r" T > —— re —.—
h@P'T  fe—s | : — —
Average -¢- + - +
B T R O T B T R R T R T R R T 106- 0 0
AM, MeV AT, MeV AM, MeV AT, MeV
Z,,(10610) Z,,(10650)

M=10607.212.0 MeV
I'=18.41+2.4 MeV

M=10652.2+1.5 MeV
I'=11.51£2.2 MeV



Projections of Y(5S)—>[Y(nS),h,] t*r”
a —~

0
=180° ¢=0
hy * Y(25)

I I/ \
%120002- vy 100E----u----.----.----.--l\/....,....
%10000;— OE :
> 80005- E’
3 6000 o
o 4000} u
< 2000F ']' {- §>§

Oi_m m

B O

104 10.5 10.6 10.7

2
M(h, ), GeV/c? (Gev/e?)

M(Y(28)m)

max’

Dip due to destructive interference with non-resonant amplitude.
= Information on JF of Z, ?




Introduction to n,

h, has large expected radiative n, decay

h,(1P) > ggg (57%)(M,(1S)y (41%),
h,(2P) = ggg (63%)\n,(1S)y (13%)) 0,(2S)y (19%),)v88 (2%)

>

Large h,,(mP) samples give opportunity to study §
Ny (nS) states. S 6000

3

=)

&

gg (2%) Godfrey & Rosner, PRD66 014012 (2002)

Y@3S) > n,(1S) ¥

10000 ————

™ prevama
&,‘F.\JI

LE

Reminder: Experimental status of n, 2000

M[n,(1S)] = 9390.9 £ 2.8 MeV (BaBar + CLEO) -2003_-5 | \ . ,;3& ?0981 9?1.:991 (|2|0i0|8) | :1
M[Y(1S)] - M[n,(1S)] = 69.3 + 2.8 MeV

11eV)

PNRQCD: 41+14 MeV Lattice: 608 MeV
Kniehl et al., PRL92,242001(2004) Meinel, PRD82,114502(2010)

Width of 1 (1S): no information

PSS PR B
0.9 1 141

E(y) (GeV)




Method of signhal extraction

MC simulation

B>

IVlmiss("':+ﬂ:- 'Y) =
I\/lmiss(n%'c-y) - I\/lmiss(n%'c-) + I\/I[hb]

- rectangular bg bands
- no correlation

ok | Spproack:
98 98 99 995 10 fit M i
M_. . (nn) GeVic in AM

i}

M(h,)

(t*71") spectra

miss(af’n'y) bins



Observation of h, (1P)->n,(1S) vy

oo
1

(o)}

N

(=)

N.Brambilla et al., Eur.Phys.J.
C71(2011) 1534 (arXiv:1010.5827)

pNRQCD Lattice
A

AN
4 N A

h,(1P) yield, 10° / 10 MeV/c*
N

miss

N[mp(1S)]  (21.94+2.0779) - 107
M{ny(18)] (9401.0 £ 1.9+1

(18] (12.4%5 ¢4

88 9 92 94 o
AM___(T'TY), GeV/c?

BaBar
Y(3S) > n,(AS) ¥

H—@&H

=0 BaBar Y (2S)

—e—i |CLEO Y(3S)

teH  BELLE preliminary

1) MeV/c?

) MeV

PRI [T S T [ T S T T [ Y Lo v by oy |
30 40 50 0 70 80
AM,-(,)), MeV/c®

Hyperfine splitting
AMyp [Np(1S)] = 59.3 + 1.9 24 MeV/c?

Godfrey & Rosner : BF =41% B[hb(lp) — )75(18) ] — (49 8 +6. 8“0 9)/



First observation of the n,(2S)

h,(2P)=>yn,(2S) : same method

~, 35000 F
% L
= 30000
M[n,(25)]=9999.0+3.5**% MeV = i
e 525000 |- <&
Q0 i
=9
Bf[h,(2P)>vn,(25)]=47.5£10.5"%% % & 20000
15000
AM;(25)=24.3+3.5"2° MeV 100007
5000
Lattice Meinel PRD82,114502(2010) 087 "%8 88 10 101

+ - 2
AMyg = 23.5 4.7 MeV AM jos(m 1Y), GeVie



Events / 2.5 MeV

Comparison: n,(2S) “signals”

arXiv:1204.4205 (S.Dobbs et. al) from CLEO data

o
) ; :
g__g Seth: Trento April 2012 Belle: IWHSS’12 April, 2012
10 E 35000 F
gL A 20000 | Belle: h,(2P)>yn,(2S)
3: 8’ Y(ZS) 25000 u
| 26 exclusi d i
g_ - Ao exclusive modes : _ Bf[hb(ZP)eyhb(ZS)]
a4l 20000 about right
34 15000 =
2 10000} |‘
1_
. | |
% 50 100 150 "260 2"5"d“ﬂ"m§oo
5000
N A M (MeV) T . . |
anomalously large 0%7 98 98 0 104
production rate MM(m*7y)

(~0.2xY( rate) m Aths (2S) (mev)

S. Dobbs 48.7+2.7 < strong disagreement with theory
Belle //,‘ 24.3+4.3 € agrees with theory

x50 discrepancy



Belle —==
o i
&
45
W Meinel PRD82, 114502 (2010)
=4 | 1 1 1 i |
B0 0.1 0.2 0.3 0.4 0.5
S. Dobbs
\ . R AM hfS(ZS)
50 l| T T I I I
o 1 action, @ ~0.11fm
_ ® y? action, @ ~ 0.08 fm
40 a
— T(25) — n(29)
g
= 30} -
Belle —%——’l
£ 0F -
o
10k -
| | | | | |

LQCD predictions for AM,((1,2S)

AM, (,(15)

~—
z
-
&
—=

- % BaBar/CLEO

e v! action, a =~ 0.11fm
m ! action, a = 0.08 fm
X Experiment L

T(15) = m(15)

0.0 0.1 0.2 0.3 0.4 0.5

Belle

0.025

AM, (25)
AM, .(15)
1 T T 1
0.8 _I S. Dobbs J
2
=
© 0.6} .
> "
B
T 04 i{\\ .
(@]
= Belle
T cC
02F fit result 7
C4:1 —HB—
nonperturbative ¢, ——<—
0 charmqnium rat19 - PDG '._._'
0 0.005 0.01 0.015 0.02
a’ (fm?)

HP-QCD PRDS85, 054509 (2012)



u*uy Candidates / (25 MeV)

220
200
180
160
140
120
100
80
60
40
20
0

Spin-weighted mass for x, (3P) :

Observation of x,(3P)

Converted photon is used for mass determination

Xp(3P)>Y(1,2S)y first by ATLAS:

PRL 108,152001
__I | T T T | T T T | T T T | T T T | T T T | T T I__
- ATLAS e Data:Y(1S)y —— Fitto Y(1S)y =
%_J‘L Gteaafp o Datar(@syy — Fitto Y(2S)y _%
e N T — Background to Y(1S)y _:

- Background to Y(2S)y

Converted Photg s_f

..........

| I.Il | |
106 1

I | Syl L4

96 98 100 102 104
m(y) - muw) + m o [GeV]

o L

/

.8

Confirmed by DO:

arXiv:1203.6034

i -9
[,

I
[=)
I

- D@, 1.3 fb" * Data
c — Full fit

Events / 50 MeV/c?
() [#]
?I TT I‘TII T T

n
(3]
I

[X)
o
\

- I -“lb Il I-I' Il Il Il | Il L L L ‘
10 10.5 11 11.5
M., - My, + my g [GeVicT]

10.530+0.005+£0.009 GeV ATLAS

10.551+0.014+0.017 GeV DO

10.5439 (Potential model, arxiV: 1201.4096)



Y(nS)->nY(mS) Status

Y(nS)en Y(mS) E1M?2 M. B. Voloshin, Prog. Part. Nucl. Phys. 61, 455-511
o - (2008).
transition, Spln-fllp Y. -P. Kuang, Front. Phys. China 1, 19-37 (2006).

Scale from ¢’ nJ/Y N A
QCD multipole formalism: \/ B[Y(2S)=>Y(1S)n] ~ 8 x10
*spin-flip amplitude scale as 1/m,, . Experiment: I *
- (2.39£0.31£0.14) x10* (2.1£0.7+0.4) x10*
*n transition suppressed

. (CLEO, PRL101,192001)
compared to mr transition.
L T\

S

% S sf
* % ia) % 6L (h) ]
- \ ~ af [M- ]
o 0 - %I 0 :I-r], e ..]Z: T ”—[
B[Y(4S)~>Y(1S)n]~2.5x 5§ 0 001 002 003 3 0.52 0.54 0.56 0.58 0.6
B[Y(48)~>Y(1S) m*n] - AMy (GVIE) Miery (GEV/c)
(BaBar, PRD78,112002) n-=ntn n=>vy

Phys.Rev.D 84 092003

B[Y(3S)~>Y(1S)n] < 1.0x10*



Y(2S)->n,m° Y(1S)

Pray:
rellminary

b B
= 70| anveans Signai Fit
% gy | — Background + Signal fi *Exclusive analysis
e Il Background Fit *Normalized to Y(2S)~> wtn™ Y(1S)
— | My, = 236,26+ 18.97
40—
Sﬂf_ % 302—
0 H ] | ] ] |
bbbl T T Al L . K /A il T
8.44 (.46 148 0.5 052 ) T3] 1] ] l l I
N eandidate mass [GeV] 1oF } }
B[Y(2S)=>Y(IS)n] 13
=(3.41 £0.28 £0.35) x10* oo R

Still < half of theory prediction

B(Y(2S)-> m® Y(1S)) <0.43 x10~4 (90% CL)
~6 x1074(Theory)
hScale from ' nJ/YP



Observation of Y(55)=2Y(1,25)n

Sl MM(rttrtm0)

2 16} e Three modes:

Y(25)
s e Y(1,2S)[utu ] n[rntrnY]
. o Y(2S)[Y(1S)m* ] n[yy]
" o Y(1S)[uruwIn' [Inmtn]
2;_ 1 | ﬂﬂ]1]_l JJ LI‘I | [ 0’ o
O ot e 5e 5 e ne et a0s 103 G”'b,;,

MM(n), GeV ‘9/],
M(ry)
Yl B[Y(5S)—>Y(1S)n] = (7.3+1.6+0.8) 10**

e
(=]
T

(=] 4] £ -] [+-]
™T L B

1 s

0.3 0.4 0.5 0.6 0.7

Ml |
0.8

M(yy), GeV

B[Y(5S)=>Y(2S)n] = (38 + 4 + 5) 10"
B[Y(5S)=>Y(1S)n’] < 1.2 10*

I

/[O



Events/ 5 MeV

Observation of Y(5S)2Y(I1D)nt'n~  Paamy

Sl

BELLE

oL
9.9 995 10 1005101101510210251031035104
MM(x*7), GeV

18 1
155—
145—
123—

10 [

2 ~HﬂWdT 1.”7

I

-

!-! L

0
9.9 9.95 10 10.0510.110.1510.210.2510.310.3510.4

MM(z*x), GeV

e Y(1S)[utu ]t yy final state
After x,(1P)—>Yy selection
Three peaks in MM(mttrt):

e Y(2S) i

e Y(1D) rmtm

e Y(2S)[Yrtrn In[yy] reflection

statistical significance 9c
B[Y(5S)—>Y(2S)n "] = (7.5+1.1+0.8) 1073 (cross check)

B[Y(5S)=>Y(1D)m*n"] B[Y(1D) =y, (1P)y=>Y(1S)yy]

= (2.0+0.4+0.3) x10*

P.S. : An evidence of Y(1D)
was seen in inclusive
MM(rttmt™) spectra



Summary

Belle’s large Y(5S) data gives unexpectedly new results.
Inclusive y,n°, wrrt-, spectrum is the main method in discovery of new states.
More results from exclusive reconstruction method.

* Observation of h (1P), h,(2P), Z,,*, Z,,".

*Exclusive method in final states Y(nS)n*n".

*Charm counterpart in Y(4260) decay?

Y(5S)

BELLE

>+ Observation of h, (1P)->n,(1S)y.

\Observation of of ,(2S) from Belle and CLEO (S. Dobbs).
* Belle: AM, (25) = 24.3+4.3 MeV  Bf[h,(2P)>yn,(25)] = 47+13%

*S. Dobbs (CLEO): AM,(2S) =48.7+2.7 MeV, no BF info.

* Disagreement on the AM,(2S) .
* Observation of x, (3P) from ATLAS and DO.

* Observation of Y(5S)=Y(1,2S)n. First measurement.
* Observation of Y(5S)=>Y(1D)n*n~. First measurement.

* Measurement of Y(2S)->nY(1S) from Belle. Still smaller than theory.



BACKUP



R, = o[bB] / %y

ofY (nS)rn] / "]

(2) Y(nS)Tm production shape

0.50
0.45 Belle,Phys.Rev.,D82,091106R(2010)
0.40
0.35
0-30 Energy scan =
0.25
0.20 mean of shapes of o(Ynn)
0.008 and hadronic cross section R
0.006 shapes differ by 2.0c
0.004 *
: _ , N2
0002 __—— t """ t t#f* """"" — MY zm — Miogen — 9 = 4 MLV/{
0.000 E 1
10.75 1CII.-B 10.'85 ) 1[;.9 10:95 1I1 11.05
Js (GeV)

Y(1S)7" 7~ 0 peaic (pb)

Y(2S) 7" 7 0 peurc (pb)

Y3S)7m 7 o

peak

(pb)

(.42
2787042 + 0,23
4.82+077 + (.66

+(.35 4+ ¥
L7175 + (.24

w (MeV/c?)
I' MeV/c?)

10888.4727 + 1.2

30.7+5; £ 3.1



Reminder of Y(4260)

~50pb

40

B.Bar  BaBarPRL 05
: | Y(4260) ]
|

Events / 20 McV/c
=]

: L1 1 P iFL L2 11 I 1 T :
g.ﬁ 4 4.2 44 4.6 4.8 |

m{m ] w) (GeVic?)

ee >y(n'n J/ly)

v

BaBar, Phys. Rev. Lett. 95, 142001 (2005).
arXiv:0808.1543v2.

Belle, Phys. Rev. Lett. 99, 182004 (2007).

*Observed from initial state
radiation events: e+e—> yJ/mut.
*Mass far above DD*) threshold.
*Width ~ 100 MeV
(quite narrow).

JPC= 1= from production
mechanism.

ee >nnJly

ete > 1’7" Ty

{

CLEO, Phys. Rev. Lett. 96,162003 (2006).




Y(4260) notes

BES,Phys.Rev.Lett.88.101802(2002)

o D)
Decay to DD not seen. At a dip in o(e*e’)> hadrons)

*Small coupling to ete",

BR(J/Yre'T) x (e*e”)

= 7.520.9+0.8 eV. BaBar, arxiv:0808.1543 5;

*Small coupling to pp ) +3f 1
BR(Y(4260)->pp)/ i WM H Y
BR(Y(4260) > J/r*)<0.13. « b MW
BaBar, Phys.Rev.D73,012005(2006) Mf_ H ! M HH | 1
*[(Y > J/Pren)>508 keV @ 90% C.L. . }Hw Hwi !
= Large !! 255.||..||. L

1 1 1 1 1 | 1 1 1
3.8 4 4.2 4.4 46 4.8 5

X. H. Mo et al., Phys. Lett. B 640 (2006) 182 E_ (GeV)

In b-sector, may be there also exists a counterpart Yb which has also large hb
branching fraction.



Exclusive (full) reconstruction

Y(3S)nn Y(2S)nm Y(1S)rm

10.8

(a) uurt candidates

10.6
Y(35) 10.4
10.2

Y(ZS) 10

M(up) (GeV/c?)

=
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III|III|III|III|II'I°LL1I-tIII|I-'

il |.' oo\, ] | | l: | |.'|.|.|"|"|

0.4I | FO. I0.8“ 1.2 14
Y(2S)=> Y(1S)r'me M = M(uurr)-M(uh) (GeV/c?)

Y(5S)-> Y(2S) mt*r Y(3S)-> Y(1S)mt*r;
Y(2S)-> Y(1S)X M(35)-M(15)=0.8949 GeV
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Missing mass technique:
Calibration sources in Y(5S) events

RS [ Y(1S)mm  Y(2S)mm  Y(3S)mm
Reconstruct 5 10.6 | [l | i
ToTs O : - T Y(5S)-> Y(2S)rttn
S 104F Y(3S) mp L] ] v(2s)> y(as)x
s 102f YRSt
ee” >YBS)X 1o Y(25) 8| ere > (2s)X
Y(3S)> Y(1S)'™ | I | Y(2S)> Y(1S)m'
M(5S)- _ / (M(2S) - M(15))
(M(35) - M(15)) Foyas) (b (4 ) | =10.3020Gev
=9.9701GeV ~ 94F A} 0 \
92F o RY(ES)> Y(3S) T
oE e L T Y(3S)-> Y(1S)X

A R
9 9.5 10 10.5
MM(r ), GeV/c?



Events / 1 MeV/c?

h, in Y(4S) data

x 104 x10°
1200 2 29 ISR Y(2S) > Y(1S) it
= s TTT
2 1750 F
[ = :
1000 o 3
_ 5 1500f
- S r
800 - |.T>J) 12505-
_ L =711fb" 1000 F
0001 [x6 Y(5S) sample]  7s0f
400 | 500 F
- ho 250 ;—H
200 | hp(2P) of +
ol N L 3235 . 9.9 '+9§5 30 10.05
95 975 10 10.25 105 : : - . 1005
MM(r*), GeV/c? MM(n"’), GeV/c

No significant signal of h,(1P): (34+£20)x10° (1.70)

cle'e" — hy(1P) n*n] @ Y(4S) )
G[e+e' —> hb(IP) TC+TC_] @ Y(SS) <(0.28 at 90%C.L.

= Y(4S) does not show anomalous properties




Angular Analysis

Z, velocity is very small ( $<0.02) = measure all pion
momenta in the c.m. frame.

Y(5S5)>Z,(Y(nS),h,+ mt,)m,

0,= £(my,e")
0,= £(m,,e")
o= Z(plane(my,e*)),plane(r,, m,))

F=1515252" Eample: Y(55)> Z,(10610) m, - Y(2S)m, m,
120

:::-ﬂ FER TR
m: : I-i- |‘|‘|I T jz J‘_I_‘T-‘!:t?ﬁ‘?i

20

120

100

Events / 0.1
Events / 0.1

80

Events / 0.157

60 e

40

20




Events / 0.1

Angular Analysis (h, final state)

P=1+ 1, 2%, 2"

Example: Y(5S)-> 7,(10610) , - h,(1P)r, m,

T

0.6 0.8
|cos 0|

J¥=1+*is favored!

10000 = [ = 12000F
| 10000k 2 1o
8000 |- -+ = - =
T = sooof J_ >
] i : =1 & soof
G000 = = — 000 —1
-1 b » .
— (] T ! T _l:- 6000
4000 = i
1000 f + 4000
2000 2000 :- 2000
%% (PR ¥ R T Y 0 02 O E TR 0 02
|cos 0, |cos 6,
Probabilities at which other J? hypotheses are disfavored with respect to 1*
Z,(10610) 7,,(10650)
JF
T2S)r 7 | YBS)nta | e(1P)r 7 | T(2S)ntn | T(3S)n 7 | hy(1P)w "
1~ 360 03¢0 03¢0 370 260 270
2 430 350 440 2.7c
130 210
2= 270 28a 290 260




Y(5S5)=>Y(1S)n’
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