Seminar, Virginia Tech, April 1, 2015

Adventures in the
Y(10860) Neighborhood at Belle

b /‘ Belle/KEKB: B-factory ;
[Y(4S) Resonance, B meson]
PR 1 (10860) Region \

- physics interest
spectroscopic anomalie
future

;| Kay Kinoshita
Umver-sn;y of Cincinnati
Belle Collaboration




Belle collaboration

International, ~400-600 collaborators
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Belle hardware

4/07- COPPER pipelined
DAQ system

KEKB B-factory

v/

w [3y 0.425

_ M N

% ’Char'ged tracking/vertexing«" N

(-7/03) 3-layer DSSD! s TN

pstrip (152M B pairs)

(8{03 -) 4-layer (55 +M ﬂu
{

TChDC )50 layers (He- \ N
ethane ]
= 2.11 X 1034 cmtﬁ‘l Hadron identification -

LA - CDC: dE/dx
(WOP'd record) = “ - TOF: time-of- fhg
& + ACC: Threshold Cerenka
“crab” RF cavities . (cerogel) -
4/07 Electron/ ho‘ron
- - ECL: CsI calorimeter
Muon K

- KLM: Resistive plate
counter/iron
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the main thrust ete” — Y(4S) — BB 'A
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Mass (GeV/c®) BB threshold CMS energy
“B-ch‘l‘or'y" ~9.4-10.6 GeV

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

DORI2 (@ 1*1B
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Data (1999-2010)

>1 ab?recorded by Belle

JLdt since 6/1999

*Y(4S)
711 fb!
esub-Y(4S) continuum
~100 fb™!
.«Y(ss)u
~121 fb!
eY(35), Y(2S), Y(1S)
~34fb!
¢“Y(5S)"+ scan
~31 fb!

* B pairs (7.7 x 108 events)
» charm (1.1 x 109 events)

* Tau (~8 x 108 events)

» 2-photon events

* B, (~7 x 106 events)
+ Y (BS) (~4 x 107 events)



Belle physics

434 articles published/submitted
http://belle.kek.jp/bdocs/b journal.html

Highlights
» CP violation in B decay
» 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

Future: Super KEKB /Belle IT
* to start ~ 2016
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The Upsilon Neighborhood
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B.B, threshold

At/above the Y(10860) [*Y(5S)"]: B, , bottomonium physics
<> B-factory detector: high luminosity, established detector, Y(45S)
data for comparison; CLEAN events, energy definition, y detection;

<> on resonance - # events measured directly -> absolute BF's



Belle data above Y(4S): history A e

energy scan
- 10.869 va

e
>
o

2005: 3-day “engineering’ run
» basic Y(10860), B,(") properties,
* test KEKB at Y(10860)

+ 1.86 fb! at peak (10869 MeV)

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

June 2006: 20-day run

- + 21.7 fb! on resonance Fou
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., PRD 82, 072007 (2010)
S.Esenet al., PRL 105, 201802 (2010) Green: states including bottomonia
J. Lietal, PRL 106, 121802 (2011) Black: B,, other

1N 1N o o
» » S »
[ @ [
e B A

N (Hadron, R,< 0.2) / N (Bhabha)
2
e

: IIIIIIII l lllllllll l 1l 1
10.8 10.85 10.9

(GeV)

irginia Tech, April 1, 2

2007: scan 6 pts

- +7.9 fb! above resonance
K.F. Chen et al., PRD 82, 091106(R) (2010)
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Belle data above Y(4S) ' o

energy scan
- 10.869 G+eV
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10/08-12/10: extended run

- ~100 b1 on resonance
I. Adachi et al, PRL 108, 032001 (2012)
A. Bondar et al, PRL 108, 122001 (2012)
Y. Sato et al, PRL 108, 171801 (2012)
J.Lietal, PRL 108, 181808 (2012) ) o O\
R. Mizuk at al, PRL 109, 232002 (2012) 10.8 E1°-85 (G;:’,-;’
S. Esen et al, PRD 87, 031101(R) (2013) cm
C. Oswald et al, PRD 87, 072008 (2013)
E. Solovieva et al, PLB 726, 206 (2013)
P. Krokovny et al, PRD 88, 052016 (2013)
F. Thorne et al, PRD 88, 114006 (2013)
A. Garmash et al, arXiv:1403.0992 [accepted PRD]
X. He et al, PRL 113, 142001 (2014)

D. Dutta et al, PRD 91, 011101 (R) (2015) Green: states including bottomonia

Black: B,, other
. ~30 fb! scan Y(4S) > Y(11020)
D. Santel et al, arXiv:1501.01137 [PRL]
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Y(10860) physics ’A

B, decay in Standard Model

- similar o non-strange B
spectator decay -> quark-hadron duality
correspondence btw final particle (D<->D,) - d

- dissimilarities W,< z
AF/FCP/FZ O(10°/o) B _)
CP-asymmetry ~ O 4.5

« InLHCDb era: focus on final states w neutrals,
absolute rates

q

spectroscopy
B.() mass
B \)(11) event fractions—
C_ bottomonium, bottomonium-like states >
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Anomalies of the Y(10860)

(semi-historical progression)



Speculation [W.S. Hou, PRD 74, 017504 (2006)] A

- 2005: charmonium-like particle at 4260 GeV found in
ete — YISR 7r+7T_J/’l,b eTe —>7r+7r_J/¢
Babar PRL 95, 142001 (2005)
Belle PRD 77, 011105 (R) (2008)
CLEO PRD 74, 091104(R) (2006)
Y (4260) — 7w~ J /4
+ many more! (now called X by PDG)
Y — nn4p(25)

* Does(do) analogous state(s) exist in Upsilon region,
observable in Y(5S) data?
* Might the Y(10860) actually be a Y state (¥,)?
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Anomalies of the Y(10860)

<-Search for
eTe” — YT(1S/2S/3S)w ™

PRL 100, 112001 (2008)



ete” — Y(1S/2S/3S)m" 7w~  PRL 100, 112001 (2008)"‘;
Y(1S/2S/3S) — put ™ 236 fb!

© - (b) 1 umx candidates in 171 region
} e e 1(25)
g ol 186 + 15
S ol
lg 20 ;:;. § A pr—
0.8 —— —
10.6 (a) upnr candidates
Exclusive pyumm events ' ;
104 = :N\(/J/J‘I'[ﬂ) - Ecms T(3S)
10.2 - 3

-
o
:

1(28)

e[ (15)

M (u l“t’ ) M(3u) (GeV/c?)

‘e D

0.4 0.6 0.8 1 1.2 14
e 350 : : O ;
L - (@) ppnn candidates Inthe Y(1S)-». "y region :
g 30 Y(25) Y(3S) Y (4S) Y(SS)” T(IS)
o 250 E — 5 E '+20
€ 200 s z 32577
c 150F : :
E 100 :
e 50: o I
E 07 9a 0.6 0.8

1 1.2 1.4
AM = M(purr)-Miup) (GeV/ic?)

AM = M (pprm) — M(pp)
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ete” — Y(1S/2S/3S)m" 7w~  PRL 100, 112001 (2008)".,.;

4 modes seen Y(10860) — Y (nS)h™h~

Process o(pb) B(%) I'(MeV)
YAS)n 7~ 1.61 £0.10 £ 0.12 0.53 £ 0.03 £ 0.05 0.59 % 0.04 £ 0.09
Y(28)r 7~ 2.35+0.19 £0.32 0.78 £ 0.06 £ 0.11 854 0.07 £0.16

T(38)ntn™ 1.4470%2 4 0.19 0.481018 £ 0.07 0.52] 572 £ 0.10
T(IS)KTK~ 018510048 £0.028 0.06170:01% 4+ 0.010 J|0.067 0T +0.013

Y(5S) expectation: width comparable to ¥(25/35/4S)

Process ['total Lete— [Tyasyntn-
T(2S8) — YT(1S)n"n~ 0.032 MeV 0.612 keV| 0.0060 MeV
T(3S8) — T(1S)n"x~ 0.020 MeV 0.443 keV| 0.0009 MeV
Y(4S) = Y(1S)n n~  20.5 MeV 0.272 keV| 0.0019 MeV

T(10860) — Y(18)7x 7~ 110 MeV  0.31 keV| 0.59 MeV larger by
D 102
>

Y(10860) = Y(5S), Y,, or something else?
> 12/07: energy scan, for ete™ — T(nS)h"h™
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Anomalies of the Y(10860)

resonant substructure in
ete” = T(nS)rtm™
ete” — hy(mP)r ™

121 fb! at Y(10860) peak

[PRL 108, 122001 (2012)]



T(5S) — Y (nS)nTrT

Aa

T(55) — T(DS)TF 7'(':': T(nS) — ,u wo

M(u'w), GeV/c?
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10.45
10.25
105, |
9.85
9.65
9.4]

92F

Clean signal
-> Dalitz analysis

T . . , . -i»', L | .I . I :
9.5 10
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MM(r*r), GeV/c?
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Y(5S) — Y(nS)r<nT ’A

108 L 1 1 1

S(s1,82) = |Az,, + Az, + AN + Ay (080) + Afy(1275) ]

_ 2
Sq = Mﬂ'zT AZbk; —

L 2
ANR = C1 —+ (32.7\47T7T

\ Mkl“k ake'“bk \V Mk.l“k

Mg—sl + e M1y M£—52‘|‘2Mkrk

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



Fit Results Y(5S) — Y(nS)r<nT "A

2 new charged Bottomonium-like states

Final state T(AS)rtn=  YT@2S)ntn~ YT(3S)rtn—

M(Z(10610)) 10609 £3£2 10616 £213 10608 £ 215
['(Zy(10610)) 22.94+73+2 21.1+4'2  1224+1.7+4
M(Zy(10650)) 10660 £6+2 10653 £2+2 10652 £ 2 +2
['(Z,(10650))  124+104+3 164 +£3.615 109 +£2.61
Rel. amplitude 0.59 +0.19503 0.91 £0.11153 0.73 £0.1010 2

Rel. phase, 53 + Gligo —20 %+ 181L§1,4 6 + 241L§g

(=}
h
=

7

(o]
=
bV
¥




+
Resonant substructure hb(nP)ﬂ Tt A 0N

probe: missing mass e+e_ %‘hb(np)ﬂfﬂqt

Y
MZ ) MM \/E2 pZ “Z”
yield in MM(x) bms
Y(5S)—h,(1P)nm Y(55)—~hy(2P)mm
212000F data fpeete
310000; 1214 fb-l §15000;_
- £12500 F
L%}mooo -
7500 F PHSP
..... o
............ 2500 F

10(ISVIM( > G;\?ﬁ 104 1045 10.5 10.55U10.6 1?.5}5{3;&:
Fit function: [BW (s, M1,T1) + ac'® BW (s, My, Ts) + be' |2
Nearly all resonant

NG
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2 new resonances: Z,*(10610), Z,*(10650), b modes eo’ ]

Y(1S)n'
Y(2S)n'n
Y(3S)n'n
h,(1P)n"n

h,(2P)n'

Average

BB; Zb(10610) B*By* Zb(10650)

- | | =

« | - - -
L N B

i . i
T L R

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 J°=1* [arXiv:1403.0992]
Favors "meson molecule” hypothesis of Z,'s

Good

agreement
among all 5

modes



(=}
h
=

73

(o]
=
bV
~

Further evidence: neutral partner ',A

Events/ 10 Me /&

1214 1“b1

B ©
oF 4 — @ ger 4+ — ® |
A e L€ € ® wa(10610) zb(lo 5@)

L € L
40 w 40 c

- — 20 - 5
oF 2r 5 T e ;
20 20 |- 10
10 - 10 5
o b et i 13 1 « Coell | 111 [ 111 [ Lol 0 1 l_.l-_l ’l o L Iy l 111 l 111 - :

9 92 94 96 98 10 102 104 106 9 92 94 96 98 10 102 104 106 /

Mss (), GeV/ic? M, %), GeV/c? M(Y(ZS)J‘C) < (Gev c)

M(T(25)7")
Zy) — Y (nS)n"
Z,°(10610) observed with 6.50 significance

ete” = T (nS)r'7"

[PRD 88, 052016 (2013)]



Z, — B*B()

Further evidence
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many theories
* Meson molecule
[A.Bondar, et al., PRD 84, 054010 (2011)]
» Coupled channel resonances
[L.V.Danilkin et al, arXiv:1106.1552]
» Cusp
[D.Bugg, Europhys.Lett. 96, 11002 (2011)]

- Tetraquark
[M.Karliner & H.Lipkin, arXiv:0802.0649]

a Tech, April 1

Similar pattern in charmonium region
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Heavy quark exotica 25

P D 6 1 3 State m (MeV) I' (MeV) Jre Process (mode) Experiment (#o) Year Status
X(3872) 3871.684+0.17 <12 1"t B K(xtx"J/v)  Belle [3637] (12.8), BABAR [38) (86) 2003 OK
P (7T=2"J/) + ... CDF [39-41] (np), DO [42] (5.2
Many are unconfir'med B — l\ (,,Jo/_g‘z Belle }l:{]’ (.l..'.i). BABAR [231“ (w)‘
) L. B — K(D'"D") Belle [44.45) (6.4). BABAR [46] (4.9)
PI"II’\'\GI"Y characteristic: B — K (vJ/¥) Belle [47] (4.0), BABAR [48,49] (3.6)
: . B — K (v¢(25)) BABAR [49] (3.5), Belle [47] (0.4)
high rate to quarkonia gt ) e
Charmoni um Xisos) 30174 £ 2.7 28319 02" B — K (wl/¢) Belle [51] (8.1), BABAR [52) (19) 2004 OK
'||ke B ‘ etem wetem (W) Belle (53] (7.7), BABAR [23] (np)
X (3940) 39422 37+ 774 ete” — I/ (DD Belle [54] (6.0) 2007 NC!
ete™ = Jv(.) Belle [20] (5.0)
T G(3900) 3943 4 21 52411 1=~ ete” =4 (DD) BABAR 55 (np), Belle [36] (np) 2007 OK
% Y (4008) 1008138 226207 1=~ ete™ — y(xtxTJ/) Belle [57] (7.4) 2007 NC!
. (Z(3885)) 2, (4050)* 1051438 g+l ? B— K(x*xa(1P))  Belle 58 (5.0), BABAR [59] (11) 2008  NC!
S Y(4140) 43430 151 774 B — K (6J/¢) CDF [60,61] (5.0) 2000  NC!
|_°_’ X (4160) 4156437 130 ese 77+ ete” — J(DD") Belle [34] (5.5) 2007 NC!
Za(4250)* a4t ? B — K(z*xa(1P)) Belle (58] (5.0). BABAR [59] (2.0) 2008 NC!
Y (4260) 426315 95414 1~ ctem =y (mTmTJ/) BABAR [62,63] (8.0) 2005 OK
CLEO [64] (5.4), Belle [57] (15)
ete™ - (" Jd/w) CLEO [63] (11)
ete — (2"2"0/v) CLEO [65] (5.1)
Y (4274) 42744753 2t T+ B~ K (¢J/v) CDF [61] (3.1) 2010 NC!
X (4350) 43506% 3% 133t o2tt etem —wetem (0d/0) Belle [66] (3.2) 2000 NC!
Y (4360) 4361 + 13 T4+18 177 ete” wxy(xtxTe(2S))  BABAR [67) (np). Belle [63) (8.0) 2007 OK
. Z(4430)* a3ttty ? B — K (=*¢(25)) Belle [69,70] (6.4), BABAR [T1] (24) 2007 NC!
Bottomonium- 6342 et - ete™ — 4 (AFAT) Belle [72] (8.2) 2007 NC!
:,g hke Y (4660) 4664412 48415 1= ete™ — 4 (7" ¢(29)) Belle [68] (5.8) 2007 NC!
= . CZ0610)8 106072420  184+24  1* T(55) — =~ (x* [bb]) Belle [73.74] (16) 2011 NC!
e - 10652.241.5 115422 1t T(58) — =~ (=* [b)]) Belle [73,74) (16) 2011 NC!
v Yi,(10888) 108884430  30.7737 1=~ ete” — (V27 T(nS)) Belle [75,76] (2.0) 2010 NC!
V]
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Anomalies of the Y(10860)

energy scan

[PRD82, 091106 (2010)]



o (bb) A

/ Event shape parameter
B',B.B (Fox-Wolfram moments)

v /3)(2"'1

Y(5S) and continuum

Fox-Wolfram R2 Zi,j | p?;l I D; | P2 (COS 9)

_ Ry =
1.86 fb! > |pillps |P‘(&cos 0)
1

nia Tech, April 1,

2-jet e e” — g R,->1

ete” — BB R,-0

:.: Continuum 3.67 fb!

‘(SCiledo)_s PIRRTTIOR. W Contributions of initial-state
R2 radiation calculated, subtracted
ete” — "

v = T(1/2/3S)
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scan near Y (10860) [PRDS82, 091106 (2010)] A

0.50

0.45
0.40

V3(GeV) L(fb!) % 03
10.8275 1.68 0.30
10.8825 1.83 0.25 ;
10.8975 1.41 o20(—

o[bb] / &°[00]

10.9275  1.14 B 008 :
s +Y(1S)# () : PDG Y(10860) (] and I
109575 10]_ —~ ! + === Constraining[Jand I’
11.0175 0.86 ,i 0.006 * Y (2S)w== . + with R, measurements
: ——2 oooal 4 YE= ‘N o(Y(nS)rm)
>~ - K
Mssc” = ® 0.002}- ! ;i *‘ i
[108883'2 + 1.2]MeV | oaees=- f"' | %""; -------- *- .
s ' 0.000 ; i
£ AMc?=9+4 MeV 1075 108 1085 108 1095 11 11.
v \'s (GeV)




Anomalies of the Y(10860)

energy scan

-> reprise 121.4 fb! @ 10.865+1GeV
+15 x 1 fb?, +61 x 50 pb! @10.68-10.11.02

arXiv:1501.01137



(=}
h
=

73

(o]
=
bV
¥

0

c

04
og(ete™ — bb)
olete™ = ptu=)os

0.5

0.2
FITTIHQ quel: 0.1 Cross term w A, ..'°"'._
2 Breit-Wigher+ i LA T o e
Flat continuum y2/dof=56/50 .-~ (- ) e (11020,
(coherent+incoherent)  Of T T T R
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|AR + As5e'?55 BW (Msgs, T'ss) + Agse’S BW (Mgg, Tgs)|?
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0.4}

o(ete™ — bb)

olete™ — putpu=)osl

RbE

Mss = 10881.8%7 £1.2%2F

ss = 48511315 :
_ +0.9 | - :

Megs = 11003.0 £ 1.1753 2/dof=56/50 - T(1086Oi (11020,

— +1.7+1.3 0_ -;'.;:'.2'.'.-.-.“.---"‘.""""""'4';_,.,;: ..........
F6S o 39.3_16_24 1§ k5 4 3 i 3 "T“‘:""’]'.'-'::i:r |
10.7 1075 108 1085 109 10985 M 11.05

[Anr|*+ /s (GeV)
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eTe” — Y(nS)rEnT 'A

T(0S) — pup”

10.4 F

M(u'w), GeV/c?

10.2F

9.8 -

9.6 F |
L Y(1S) |
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eTe” — Y(nS)rEnT 'A

- event-by-event efficiency correction over Dalitz space,
(reduce model-dependence)

- fit (simultaneous for 3 Y's)
PHSP(Ecwy) % (|Ang|?
+ |AR + As55€'?5S BW (M53,Ts55) + Agse’ s BW (Mes, Tos)|?)

- set |Ael, |AR] =0
» possible differences in Dalitz distribution btw
Y(10860), Y(11020)

-> "decoherence coeffficient” = ke (0<k<1)

PHSP(Ecy) x |AssBWsg|? + | Ags BWs |?
+2k Asg AgsR[e BWsg BW ]

* (k consistent w 1)
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Masses, widths ' 28

glete” = T (nS)rTn™)

RTWW —
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§ Megs = 10987.575575;
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Yrm vs bb

AMc?=9.3 + 3.9 MeV .
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A,

Anomalies of the Y(10860)

High rates to T(nS)mm
hy(mP)mm
B*BYr

Large fractionas Zpm (X in PDG as of 2014)

energy scan:
Y (10860), Y(11020) compatible masses, widths

Opp  large continuum
OY - ~ ho continuum

-> Reconcile resonance amplitudes
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Aa

Reconciliation of Ry, Ry x

Contribution of bottomonium modes to Y(10860) resonance

PHSP(Ecy) x |Ass BWsg|? + | Ags BWs |?
o 42k Ass AgsR]e" BWss BWE]

P = 2un = 0.42+0.04 all Y, hymtm

= 1.09+0.15 with B"BU)nt

??Appears to saturate b cross section
w/o B®), B.() pairs
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Aa

Look again at fit R,

Paradox?

large interference,
cannot come from
hottomonium modes

but final states w

0.1:— “',‘Cr'oss term w Ay :'.'.".. bottomonium/
S T(ESy (6 Bottomonium-like
- x2/dof=56/50 _... e R e
O 4.+ TR T T (T saturate
N (Y L . == i i B : 2l
10.7 10.75 10.8 10.85 10.9 ‘|0.95‘l 1 11.05 GmpllTUde. )
|ANR‘2‘|‘ \/E(GeV)

|AR + As5€'955 BW (Msg,sg) + Agse' s BW (Mgs, Ts)|?
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Look again at fit R,

[
0.2 it

I I g8

A

Paradox?

Model of

2 resonances + flat

continuum

Cannot be used to

N% describe this
0.1 2 Cross tfermw A, ~ ”‘..' ) reglon' .
: 55y { ™.|Despite greaf fif,
[X¥/dof=56/50 =" . .o ~X(65)  consistent M, T
B TN h\'-'-'-.:::. : :-:.;-.. ;‘:;.-.e.-.'.?..--
il | | | | L | | | L eenane” | ! |
10.7 10.75 108 1085 109 10.95 1 11.05
|ANR‘2‘|' E(GeV)

|AR + As5€'955 BW (Msg,sg) + Agse' s BW (Mgs, Ts)|?



Summary

Rich structure in region of Y(10860)
ete” — {bb}rm

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

* new questions raised by R,, Ry.... vs E.-p
what is Y(10860)?
- High rate to bottomonia, Z,'s -> Y,?
- masses from R,, R, consistent
but rates are a puzzle
- use Ry as primary measurement of M, I"

- Yo be continued...
B(*)(S) mOdeS VS ECM
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