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~14 nations, 55 institutes, ~400 collaborators
(authors vary, each paper)
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.. the hardware "“

S 4/07- COPPER pipelined
‘ DAQ system

( KEKB B-factory

Y/

<\ By = 0.425

. Char'ged Tr'ackmg/ver"rexmgvf”

(7703) 3-layer DSSDEI | -

(G705 X layer (550
ayer +

BR) Y (Tanm

- CDC: 50 layers (He- \ ‘
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ethane
= 2.11 X 1034 cm;&s'l Hggrgnzjlg}acrj\‘nﬁcahon A
| X -
(wor'd record) = J‘ * TOF: time-of-fligh
v - ACC: Thzesholdl) er'en.
- - iti aeroge g
4781;3 RF cavities Electron/ ho’ron
- - ECL: CsI calorimeter
Muon K

- KLM: Resistive plate
counter/iron
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... the Physics ete” — T(45) — BB  (mostly) 'A
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CY(S)  Y2S) Y(3S) A Y(AS)
044 946 10001002 1034 1037 1054 | 1058 1062 CMS energy
Mass (GeV/cz) BB threshold
“B-factory”

Primary goal: discover CP violation in weak decays of B meson

DORIA @Loid

and more....
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G (e'e” — Hadrons)(nb)

Y(10860), or Y(55)
25 """" R e e A A A ! ! N ' ' !
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ol ?'.‘ Bq_{Bd7Bu }_' B B
| "+ 1 30 _\ ! Bé*)(B)§*>, Bé*)Bé*)f‘
o P ( >
sE \ B,B;'n, ByB,mm
L N w 2.8 7
SR 2 2
0F | . BBy {2
Lo [ ) ] & 26fF
. :', + ; ' @ :"‘% Y (4S) ]
- tﬂ{* Wi taea, N +_+_. ] 24
LTS X2S)  YOS) continun NGB ] T
944 946 10001002 1034 1037 1054 1058 1062 o —Tios o 12
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B, B, threshold

B, physics with Belle at the Y(5S)

* CLEAN events, energy definition, v’ s; ~100% trigger efficiency

* high luminosity, established detector, Y(4S) data for comparison
* resonance - # events measured directly -> absolute BF's

Upsilon Spectroscopy



Belle experiment

~382 papers published/in press (since 3/2001)
http://belle.kek.jp/bdocs/b journal.html

Highlights

» Constraints on CKM; precision sin 2¢,, |V, |, |Vl
» overconstraints on CKM; limits/hints on New Physics

» evidence for D° mixing
* new charmonium-like states Z(4430), Y(4660), Y(4008),

X(4160), Y(3940), X(3872)
* new bottomonia, bottomonium-like Z,(10610), Z, (10650)
* Kobayashi & Maskawa 2008 Nobel

Next: KEKB Upgrade/Belle IT
» approved 6/2010
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Data (1999-2010) B A,
> 1 ab?recorded by Belle

JLdt since 6/1999
& *Y(4S) ,
z 711 fb! * B pairs (7.7 x 108 events)
§ 'Sub-Y(tSI%SO;\;_i;\W’“ « charm (1.1 x 109 events)
Y w(ES) + fau (~8 x 108 events)
3 ~121 fb! - 2-photon events
*Y(3S), Ingf)b:,wls) * B, (~7 x 10° events)
oY(5S)+ scan . T(5S) ("’4 x 107 QVCHTS)

~31 fb!
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Data at Y (5S) ’A

energy scan
- 10.869 va

June 2005: 3-day “engineering” run
* basic Y(5S), B,(") properties,
* test KEKB at Y(5S) - L,,,,~1.39x1034cm 25!
-+ 1.86 fb! at peak (10869 MeV)
= 4 x largest previous sample (CLEO)

A. Drutskoy et al., PRL 98, 052001 (2007)
A. Drutskoy et al., PRD 76, 012002 (2007)
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10.8 10.85 10.9

Eqy  (GeV)

June 2006: 20-day run

+ + 21.7 fb™! on resonance
K.F. Chen et al., PRL 100, 112001 (2008)
J. Wicht et al., PRL 100, 121801 (2008)
R. Louvot et al., PRL 102, 021801 (2009)
A. Drutskoy et al., PRD 81, 112003(R)(2010)
R. Louvot et al., PRL 104, 231801 (2010)
C.-C. Peng et al., Phys. Rev. D 82, 072007 (2010)
S. Esen et al., Phys. Rev. Lett. 105, 201802 (2010)
J. Li et al., Phys. Rev. Lett. 106, 121802 (2011)
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Data at Y (5S) ’A

December 2007: scan 6 pts

-+ 7.9 fb! above resonance
K.F. Chen, W.S. Hou et al., Phys. Rev. D82, 091106 (2010)

Oct 2008-Dec 2010
Extended Y(5S)/scan
- ~100 fb-1 on resonance

R. Mizuk, D. Asner, T. Pedlar, A. Bondar et al., sl
PRL 108, 032001 (2012) Eqy  (GeV)

A. Bondar, A. Garmash, R. Mizuk, D. Santel, K. Kinoshita, et al. PRL 108, 122001 (2012)

Y. Sato et al., PRL 108, 171801 (2012)

J. Li, et al. PRL 108, 181808 (2012)

R. Mizuk et al., PRL 109, 232002 (2012)

S. Esen, A. Schwartz et al., Phys. Rev. D 87, 031101 (2013)

C. Oswald, P. Urquijo, J. Dingfelder et al., arXiv:1212.6400 [hep-ex]

F. Thorne, C. Schwanda et al., BELLE-CONF-1249

A. Garmash, R. Mizuk et al., arXiv:1209.6450 [hep-ex]

P. Krokovny et al., arXiv:1207.4345 [hep-ex]

- ~23 fb-1 scan
Y.P. Yang et al., Belle-CONF- 1250
D. Santel, PRELIMINARY

energy scan
- 10.869 va
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Y(5S) physics 'A

B, decay in Standard Model
- similar o non-strange B
spectator decay -> quark-hadron duality
correspondence btw final particle (D<->D,) < °
- dissimilarities
AT/T x/T=0(10%) B,
CP-asymmetry ~ O

S K.
Ol

$=IO"

>
.d,s

<

uclear Physics PAN P

spectroscopy
B.() mass
B)(11) event fractions
bottomonium, bottomonium-like states
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Fundamentals ' To N

Event count
(3.40+0.16)x105 events/fb! [(rARRIRY

/ Event shape parameter

B,B,B (Fox-Wolfram moments)

e s Y(5S) and continuum /3)(2"1

- ! < Fox-Wolfram R2 R Zi,j |pz| ij |P2 (COS 9)
I . 2 —

) 1.86 fb! Zi,j pi||p;s |PQc1:os g)

lear Physics PAN

2-jet e"e” — g R,->1

ete” — BB R,-0
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Question in the Y(5S) region 'i..

- above B (") thresholds -
complex bottomonium(-like) resonances possible
mixing/interference?

.l #\
l

2 sol Y(4S)
0 \
;g w 281 \
© 2 «— Y(55)
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Is the Y(10860) purely Y(55)? A

* Y: charmonium-like par‘ricle at 4260 GeV found in

ete —>'}’ISR7T /I8 J/’QD e+e_—>7r+7r_J/1,b

Babar PRL 95, 142001 (2005)
Belle PRD 77, 011105 (R) (2008)

CLEO PRD 74, 091104(R) (2006) [ ﬁ\ |
: Y(4S) |

Y (4260) — 7t~ J /4 \

clear Physics PAN

+ many morel : </+Y(55)4
© 26} + +

recent: Observation of Z(3895)" ., % W

arXiv:1304.0121; submitted to PRL  f+-----------------"-- l

Does(do) analogous state(s) exist in Upsilon region?
[W.S. Hou, PRD 74, 017504 (2006)]
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Is the Y(10860) purely Y(55)?
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-> look for: utp~hTh™

ete” = T(AS) T~ X

ete” = T2S)r ™ X

0.4

0.6 0.8

1 1.2 14
AM = M(uuzr)-Mup) (GeVic?)

L 140 (b) 1 ,1mx candidates in the Y (28)—1 . region
E 120y (as) Y(48) Y(58)” T(2S )
o 100k ' .
g wof! 186 + 15
[~ N H
] i
£ »f
- n S - —_— —
‘31 . .
E 10.
-1
= 1(3S)
? 1
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AM = M (pprm) — M(pp)



Is the Y(10860) purely Y(5S)? "A

4 modes seen T(10860) — Y(nS)hth™

Process a(pb) B(%) I'(MeV)
YAS)n n~ 1.61 £0.10 £ 0.12 0.53 £ 0.03 £ 0.05 0.59 =2 0.04 £ 0.09
Y(2S)n 7~ 2.35+0.19 £ 0.32 0.78 £ 0.06 £0.11 85 & 0.07 £0.16

Y(3S)ntn~ 1.4470%2 4+ 0.19 0.481015 & 0.07 0.52] 072 £ 0.10
TAS)KTK~ 018570948 40.028 0.06179:91% + 0.010 40.067712:917 + 0.013
z —
5 Expectation: Y(5S) width comparable to ¥(25/35/45S)
zf): Process [total Pete— [I'rasyntn-
(=]
9

T(25) — Y(1S)r"7n~  0.032 MeV 0.612 keV| 0.0060 MeV

T(35) — Y(1S)x"7n~  0.020 MeV 0.443 keV| 0.0009 MeV |larger

T(4S) = Y(1S)x*x~  20.5 MeV 0.272 keV]| 0.0019 MeV |by > 102
T(10860) — Y(1S)x 7w~ 110 MeV  0.31 keV| 0.59 MeV

_—

K.-F. Chen, W.-S. Hou, M. Shapkin, A. Sokolov, et al. PRL 100, 112001 (2008)

Conclusion: not pure Y(5S)?
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12/07: energy scan, measure €' e — T(nS)hth™



Followup: scan above Y (5S) in 2007 ’,.

= 0012

11 11.05

K.F. Chen, W.S. Hou et al., Phys. Rev. D82, 091106 (2010) NS (GeV)

V3(GeV) L(fb~1) e I Y >
10.8275  1.68 o | :;‘Zggg 10888756 & 1.2|Mev/c
10.8825  1.83 % 0.00sl. 4 Y@ + +
10.8975  1.41 = | 4y
100275 114 o(Y(nS)wm) Zgﬂ: o ;,f} _______________________
109575  1.01 T | —— ‘\Lj #
11.0175  0.86 . | T T | |
() ;
% B O gvasm R
% o(Y(mS)rm) & | #w¥e®= &+
2 (D) R S T B
f m% 001}~ ‘ ----------------------------
: i i i i
O‘(T(DS)TFT&') % v © PDG Y(10860) pand I
. o 00101 ':‘*?ff% """" {--- YamenpendTromA 6t | |
L4 B 0008 |- S
Conclusion: L t’l’ -----------------------
Peaks hadronic vs Y mr1f %004 s fi -
1 offset ~20 i I R e o
g 0.000 : 2 :
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Study of resonant substructure in

Y(5S) — hy(nP)7 7™
T (5S) — Y(nS)n 7~

and

Observation of
Two Charged Bottomonium-like Resonances

PRL 108, 122001 (2012)



Resonant substructure  Y(5S) — hy(nP)m ™ 'A

probe: missing mass Y (5S) — hb(nP)wi7ﬁ

|
My = MM(r) = \/E} — p} “z”
yield in MM(xt) bins
Y(5S)—h,(1P)nm Y(5S)—h,(2P)ntm
= Z1200f data Ssoof Jata
< = [ = g
a o10000F 121.4 fb! o 15000 F
] i 212500 f
§ L%J‘IDOUU-
E S0F pHSP
5000 — T
2500 -
0 — l‘

1 " ]
0.7, 104 1045 103 1055\m§ﬂ19_§54m.7
(1), GeV/c? MM(r), GeV/c?

Fit function: |BW (s, M1,T'1) + ae'® BW (s, My, T'3) + be'?|? i]/pg
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A

Fit Results
ho(1P)nEnT ho(2P)nEnT
My (MeV/c?) | 10605.1+2.2750 10596+ 775 7
'y (MeV) 114t gades 16136+
M; (MeV/c?) | 10654.5+25710 10651+4+2 Z,,
Iy (MeV) 20.9752721 12+11+8
o, | el e
¢ (%) 1887 ¢ " 255+72+183
b ~ 0 ~ ()
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* Good agreement between h,(1P) and h,(2P)
* Non-resonant part~0: nearly all h,(nP) produced via

Y(5S) — ZFnT — hy(nP)nErT
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10.4

M(u*w), GeV/c

10.2
10
9.8
9.6
9.4
9.2

10.6 |

9 [ .f_: ':.‘3.::

9.5 10
MM(r*), GeV/c

o
10.5

Resonant substructure Y (5S) — T(HS)TF:I:TF:F ’A

T(58)

ﬁT(l’lS)ﬂ-iW:F T(HS)%M*’M_

~ |Full reconstruction,

Clean signal
-> Dalitz analysis



Resonant substructure Y (5S) — T(DS)W:I:TF:F 'rl
Dalitz Plots 121.4 fb™ M*(Y') vs M? (TITT) | conversions /fit region
116 [ 116 i A;

116
CoUER G +r- C +p-
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Fit function:
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_ 2 - _
ANR = €1 + coM2_ A Voloshin, PRD74, 054022 (2006);
Prog. Part. Nucl. Phys. 61, 455 (2008)




Fit Results Y(5S) — Y(nS)r=nT &.‘

Final state Y(1S)ntn=  Y@2S)nt#n~ YT(3S)rtn~

M(Zy(10610)) 10609 £3+2 10616 £213 10608 £ 215
['(Zp(10610)) 22.9+73+2 21.1+47; 122+1.7+4

M(Z(10650)) 10660 £6+2 10653 +2+2 10652 +2 +2

ear Physics PAN

[(Z,(10650))  124+10+3  164+3.6% 109 +2.613
Rel. amplitude 0.59 4 0.19799 0.91 +0.1119% 0.73 £ 0.1010.12

Rel. phase, 53 £ 6112, —20 + 181+;* 6+ 241@3
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Z,(10610), Z,(10650) summary, 5 modes A

BB* B*B*

y Z,(10610) y Z,(10650)
Y(1S)n'n — —— —— | —
Y(2S)n' | —— —— - .
Y(3S)n'n -¢— _._ _.. _._
2 h,(1P)x'n +~ —-—~ + —o—
& .
8 hy(2P)n'n  fe— ! —- — —o
z ! ! |
& Average + Ea + ]
;§ B T R R TV e T B R T B Ty R R o R T s R TV
> AM, MeV AT, MeV AM, MeV AT, MeV
M=10608.4+2.0 MeV/c? M=10653.2+1.5 MeV/c?
=15.6+2.5 MeV =14 4+3.2 MeV

* Relative phases: Y (~0°), h, (~180°)

* Masses just above B*B and B*B* thresholds
» angular analysis favors JP=1*

Indicates Z,'s could be molecules
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Further evidence

121.4 fb!

<3

6%
KRR
3RS
XRKS

0202030%8}

RS
35
9%,

$0.9.0.0.0.4

55
RS
KRS
PR

Doelete

B
b

107

rM(m), Gev/c’

00

19
SRR

2
RRRRRRRLR
S RHRILHRRRS
PRI RRAIHIRKS
9300200000002 %000%0%

RRRRIRILRRESS
Lo e te et setetetoteteds

O/ ASH §/S3US4SN

NVd s21sAyq up2|2

10.75

10.65

10.6

10.75

107

rM(T), GeV/c’

10.65

1209.6450 [hep-ex]

arXiv

D4IYsoury ")
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Further evidence ’,ﬁ

Events/ 10 Me V/c?

121.4 fb!

4+ — k&) 3 4+ — (b) 35|

Events/ 10 Me V/c?
3
Q)
Q)
o]
[

C 25 |-

40 -

L 15

2 |- 10 F

10 F 5

b : Dy o ! L | ! ! L 0 -

x AT AL W Al TR 104 1045 105 10.55 106 1065 107 10.75

92 94 96 98 10 102 104 106 9 92 94 96 98 10 102 104 106 / 2
My (210, GeV/c Moo (2, GeV/C? MY (28)T) s (GOV/C)

M (Y (2S)7")
T(55) = Y (nS)r'x" Z) — Y (nS)r"

arXiv:1207.4345 [hep-ex]



Followup: scan above/below Y (5S) in 2009-10 "m

15 additional ~1 fb!points, 121.4 fb! total on resonance
+ 61 ~50 pb points for R, measurement

EXperiment nerqy (GeV Luminosity (1o Experiment [Energy (GeV Luminosit
e73 0.95

b
e73 11.0158 0.77

10.6828
e73 10.7328 0.95 e73 11.0214 0.98
e73 10.7715 0.96 e53+e43 10.8667 236
e73 10.8498 0.99 e67 10.8667 27.29
e73 10.8590 0.99 e69 10.8633 47.65
e73 10.8696 0.98 e71 10.8686 22.94
e73 10.8785 0.98
e73 10.8889 0.99
e73 10.8984 0.98
e73 10.9076 0.98
e73 10.9771 1.00
e73 10.9914 0.99
e73 11.0062 0.98

K. Kinoshita



Measurement of eTe” — bb ’@

Belle-CONF- 1250

o 0.6:
0.55 = RoBelle |
g == Rb Babar(shifted +0.0185)
177 RN SRS S— . . o A R————— oo— .
[ Fitting Belle only
> 0_45: ..............................................................................................................
8 - o
0 0.4 budadecd
2 TR ¢ b 4
TR A TR
> 0351511 p Y Pl gtk
3 SRR SRR F'l
S 0.3 ! " S ) Mg :
0.25 A4 ;

0"?0.7 10.75 10.8 10.85 109 10.95 11 11.05 1.1 1115 1.2

Fitted to Ve
AN r|*+

AR + As5€'935 BW (Msgs,sg) + Agse' s BW (Mgs, Ts)|?
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Measurement of e e~ — bb ',.‘

Results: masses, widths

parameter Belle Babar PDG(2012)
continuum Any 0.42 + 0.01 i i
A, 0.38 £0.01 _ )
A(55) 0.23 % 0.04 i

T(ss)  M(BS) (MeV) 08804 £00~ 10876:£2 10876 11
['(55) (MeV) 51 4 2 43 + 4 55 4 28
#(55) (Rad)  2.26+0.05 2.11+0.12 -

A(65) 0.20 = 0.02 -

M(65)

Y(65) (MeV) 11004 +1 ™ 1099642 11019+ 8
['(65) (MeV) 40 =+ 2 3743 79 4 16
»(6S5 ) (Rad) 0.61 £0.07 0.1240.07 B

luclear Physics PAN P

K. Kinoshita



Measurement of €Te” — Y (nS)m n~ 'A

- Event selection: similar to KF Chen et al.

* New: event-by-event efficiency correction over Dalitz
space, reduce model-dependence

| Generated Phase Space | — 9°"Phs’:wss EfflCI ency fu nction
Mean x 146.174

M

uclear Physics PAN P
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Measurement of €Te” — YT (nS)n n~ ',;.

* New: reduce ISR - veto conversions without cutting on
Dalitz space: vertex of m'n candidates (>90% eff)

ete” —wete {—=putu y{—ete}

- event-by-event sideband subtraction
» fitted to same shape as R,

clear Physics PAN
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Measurement of €Te” — Y (nS)m n~ 'A

fit function
PHSP(Ecwy) % (|Ang|?
+ |AR + As5e'?%S BW (Mss,Tss) + Agse's BW (Mgs, Lss)|?)

- correlation: relative phase, Y(6S) mass; insufficient
data at Y(6S) => fix Y(6S) mass, relative phase

float: amplitudes, Y(5S) mass, width [simultaneous for
Y(1S), Y(25), Y(39)]

- result

luclear Physics PAN P

PR

X2/ndf M5S (GGV) P5S (GGV) (}563_53 (Rad) Amn Ar
57.8/60.0 10.8851 40.0018 0.047 £ 0.005 —1.6600 144+06 04+04

» systematics: VERY preliminary
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Measurement of €Te” — Y (nS)m n~ 'A

- systematics: in progress
fitting effects: float Y(5S) width, relative phase
vary fitting range
Dalitz structure dependence
energy calibration
* VERY preliminary: <+2 MeV

uclear Physics PAN

Preliminary conclusion
- fit yields
MT<5S)(T(NS)7T7T) — MT(5S)(R5) — (4.7 m Z.O)MGV//CQ

» but data fit with masses, widths from R, fit give
reasonable chisquare/DOF (67.4/62)
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Summary "A

KEKB and Belle at Y(5S)+
* multiple new questions raised by behavior of

Y(5S) — {bb}rm

New states Z,*(10610), Z,*(10650)
Seen to decay to BB*, B*B*
Evidence for neutral Z,

» compare parameters to results from R,
preliminary: consistent Y(5S) mass

clear Physics PAN
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