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Data samples at Y(SS)

32} CLEO PRL 54
Y(4:S) 377 (1985) Superconducting Solenoid (1. ST)

30F -]

Electromagnetic Calorimeter
2.8} Y ( 5 S) y Time of Flight Counter

Aerogel Cherenkov Counter
Central Drift Chamber
Extreme Forward Calorimeter -

¢~ i8.0 GeViT
i

Silicon Vertex Detector

KL Muon Detector

Belle took about ~140 fb' around the Y(5S)
121.4 fb! at the resonance

Y(5S) above B ®“B_® threshold ~20 fb! in scans
BS can be produced and Much larger than CLEO, BaBar: <1 fb-!
studied at B-factory Compared to 711 fb! at the Y(4S)

was established by CLEO
Y(5S) does also of course decay to B* and B°
Can be excited and produced with pions
= B®B®(nm)
And to Y(nS)mm, etc...

J. Wicht: Bs and Y(5S) decays at Belle 2



LY ADbsolute BF measurement

- BB’,B’B,BB
bb events
éouisions at Y(5S)

B (B or BY) events
Continuum events
Number of bb: Y (4S) off-resonance data (continuum) subtraction

uu,dd,ss,cc

Y(S) 1 Y(55)  nrcont £1(55) Br(ss) €x(55)
NbE T 6%5(53) (Nhadr Nhadr Lcont Egont egg?lt
B_ production fraction (f)) B(B; — D, X)=(92+11)%

Take advantage of BF(B.~D X) » BF(B-DX) B(B — D;X) = (8.3 = 0.7)%

We measure with Y(5S) data Theory BaBarj@\Y(éLS)
B(Y(55) — D;X)/2 = fsxB(Bs — DsX)+(1—fs)xB(B — D,X)

In 121.4 fb': 14 million BS mesons ( )

J. Wicht: B_and Y(5S) decays at Belle 3



€» Reconstruction of B, [

BELLE

Using well-known M, and AE variables Mbc — \/(Ecm/Z)z — (pgl(}/l -
taking advantage of e*e- annihilation °

to two B AL = Eg(l)vl — ECl\/[/Z

Three possible Y(5S) decays: BS*BS*, BS*BS and BSBS
We don't reconstruct the ~50MeV photon from B " decay to B,
Three regions in M, -AE plane (well separated)

5.44
bc 5 42
5.4
5.38
5.36
5.34
5.32
53 P R R S N T T S S AT TN SO S NN TN TR T MO NN TN TN SO M N T TN NN N TN T
03 -02 01 0 01 0.2 03 04

AE
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~90% of B_ are

produced
through B "B
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Observation of B_— J/y £ (980)
and evidence of B_ - J/y { (1370)

PRL 106 121802 (2011)
121.4 tb™!

J. Wicht: B_and Y(5S) decays at Belle 5



© B. - J/w £ (980) 5

BELLE

. Silver mode for LHCb to measure 3, the CP-violating phase in
the B mixjng Stone et al., arXiv:0909.5442 (2009)

« BF 2-5 times smaller than B_ — J/y ¢ BUT J/y f, is a pure CP-
eigenstate (S-VS versus S—-VV)

- No angular analysis required
 Branching fraction

- Extrapolation from B, - J/y ¢ Stone et al., PRD 79,
B(B? —J/¢fo)B(fo—rTn™) 0.2 074024 (2009)
B(BY—J/¢y$)B(¢p—K+K—) ) R

0.42 4 0.11 CLEO (D,~Fev),

PRD 80, 052009 (2009)

CDF'sjiy ¢ 3 B(B? — J/¢fo)B(fo — nTn~) =[(1.3 — 2.7)10~*
* Theory (QCD@LO)
B(B? — J/¢fo)B(fo — wtn™)

(3.4 +2.4)10~4 x (5077)%
QCD (LO) BES, PRD 80,
PRD 81, 074001 (2010) 052009 (2009)

= (1.6 +1.3)10~%

J. Wicht: B_and Y(5S) decays at Belle 6



B, - J/y t, results

D

<o

BELLE

J/y — efe",ptp” and f, - o*o-; select B with M, ; fit M__and AE distributions

f£,(1370)

—
1=

fo(gs?

—
(=]

Events/(6 MeV)

Events/(20 MeV/c?)

o N B o ®

18

2

M_: M__ (GeV/c?)
f.(980) parameters fixed from BES (Flatté function
f,(1370) parameters floated (BW function)

The two f, can interfere
Non-resonant B — J/y it~ signal (non interfering)

~—"Events/(6 MeV)

B - J/w X bkg (MC), continuum bkg (sideband data)

24
22
20
18
16
14
12
10

'S
(TG TT T TTTTT T ITT T

In the £,(980) "’
mass region

s
[==]

|III|III|III|III|III|I "

.
'H'.OL_IJ}, e

In the £,(1370)
mass region

| !
| [ |
: Al W

0.1 0.15 0.2

AE (GeV)

0 0.05

F Yield Significance B(B? — J/YF; F — wm)[10~4]
£0(980) 63i}63 8.4 1.16i§;‘§(stat.)i§;(})§(syst.)t§;§§(NBg)
fo(1370) 1979 4.2 0.3419 1a(stat.) T 05 (syst.) o 05 (Npo)

BF in good agreement with predictions

J. Wicht: B_and Y(5S) decays at Belle
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A

Events/(20 MeV/c?)

12—

o £,(980) l f.(1370)
o | '

6

4

2 h 1l
8_2 0.4 IU.B 0.8 1 I1.2“ 1.4 1.6 1.I8I I2

M__ (GeV/c?)
0.001
M = 1.405 £ 0.01510001 GeV/c?

0.014
I = 0.054 + 0.03370°015 GeV

Mass and width of £ (1370)
in good agreement with PDG

Observation of B_ - J/y £,(980)
First evidence of B_ - J/y £,(1370)

B, - J/y t, results

S 1 f,(980)

E | H
S o f (1370)

iy |

b

O a N W s o o ~N

ol T P IT I N il
-1 -08-0.6-04-02 0 0.2 04 06 0.8 1

cos(8,.)

Helicity angle distribution is
consistent with f, being scalars

LHCDb has also observed J/y £,(980): PLB 698, 115 (2011)

J. Wicht: B_and Y(5S) decays at Belle



Observation of h, (1P) and h, (2P)

arXiv:1103.3419 [hep-ex]
preliminary
contributed to La Thuile 2011
121.4 tb™!

J. Wicht: B_and Y(5S) decays at Belle 9



Y(5S)=Y(nS)am decays

[K.F. Chen et al. (Belle), PRL 100, 112001 (2008); PRD 82, 091106(R) (2010)]
. Anomalously large Y(nS)nm transitions at the Y(5S) (on-res)

.
.

1

Process L ssual Lotk 'y (18yn+x
T(28) — Y(18)x 7~  0.032 MeV 0.612 keV |0.0060 MeV
T(3S)— T(1S)r =« 0.020 MeV 0.443 keV ]0.0009 MeV
T(45) —= T(1S)n" =« 20.5 MeV 0.272 keV [0.0019 MeV
Y(10860) — T(18)x 7~ 110 MeV  0.31 keV  0.59 MeV ) >100x larger

« 2007: 6-points scan (~1fb! per point)

Maximum of hadrons' production

0.008{ 1 < iay }

= =
= oooglb—H----- - - - _ ¥V = opooglw- - _______ r---—
5o Y (1S)rr . I o= 0.008 Y(1S)r (c) TI PDG Y(10860) L and T
- ! i u ===: Constraining n and I
E 0.006 —+— Y28y - - - —— - - - —E— -+ ——————————————————————— = 0.006 —+ Y{2She- - ——— - - —— —E— ' —+ ————— with R, measurements- -
ﬁ ﬁ ..-r
Y (35 ; Y (3S)nr
'E' 0.004 |4 YOGS N < 0.004  Y@S)y +E———"a‘— ——————————————————————
T l. : ® l. 1 “~
0.002f— T =T A —* ----- f ———————————— —* ————— 0002} - L L+ —*———"Yn—_ ——————————— I————
(1 - [ R Tl —
1 ] ] ememew=—= [T [ S — ALK
0.000 . L ' 0.000 | - L]
: | : 1
| 1 ! 1 | 1 L L L | 1 L L | | 1 L |: | | | L L L | 1 L L L L | L L L |
10.75 10.8 10.85 10.9 10.95 11 11.0! 10.75 10.8 10.85 10.9 10.95 11 11.05
Vs (GeV) \'s (GeV)

Does not agree well with the conventional Y(10860) line shape
1) Y, particle: analog to Y(4260) that has anomalously large I'(J/ymm)

2) Rescattering of Y(5S)—BBumn—Y(nS)mnm

J. Wicht: B_and Y(5S) decays at Belle 10



- CLEO observed e*e™ - h_n* -

« h_production cross-section seems to be enhanced near Y(4260)

) 70
a
‘%- 60;
-CO L
= 50;
e
e
1 40
()
+
[}
= 30
o)
20
10

° oc(e'e — n* n” h;) (scan data)
° o (e'e” — a* v h;) (4170 data)

@) GE(e+e' -t JAp)

CLEO Preliminary /

\ | Jﬁ

. | | T
IT I
| 1 1 | I I | | 1l 1 | | ‘ | L 1 1 ‘ | L 1 1 | I I |

I | |
Pos5 4 4.05 4.1 415 42 425 43

e*e” Energy (GeV)

- Do we have more chance of seeing h, at Y(55)?

J. Wicht: B_and Y(5S) decays at Belle

BELLE

@@y Discovery of h by CLEO

11



© h (nP) properties

- Db states, spin 0, L=1, J*¢=1+".

- Y{11020) :
« Expected mass of h (nP) at the ”-"‘“:— Y(10860) —
Center of Gravity (CoG) of y, [ — :
states i .
L ) e B 2MB_ 1
« Test of hyperfine splitting 10.50 - f nr y(2D) ]
L. .. F o 35)  XBS) : ]
- Radiative transition to n (15) [  h,(2P) ]
5‘10.25 — e e (31D) .
- BaBar has obtained S -
evidence (3.00) of b, (1P) in & 1000 [~ 1:2°) -
Y(3S)-n’h, (1P)-nyn, (1S) g :
I:)'Oi'<1'0|3"'|"'"'|"'|"'|"'|"'|"'|'_' g 975 — —
- Bottomonium -
165~ (b) t . 1
C Ay~ + f ] 9.50 |— famlly ]
160/~ ! 7 i 3,)(_15 - .
- . o g e 0.12)*  (1,23)
155 ! I [ L=0 0 1 1 2
arXiv:1102.4565 1

1 1 1 1 1 1 1 1 1 1
9.82 9.84 986 988 99 992 994 996 9.98

J. Wicht: B_and Y(5S) decays at Belle 12



9" Analysis procedure
. Similar to CLEO's h_analysis: missing mass (MM) technique

 Implicit reconstruction of h, thanks to e*e~ annihilation
- ete” - Y(5S) » h, o*m-
MM = /(Pr(ss) — Prtn-)?

« P ¢ CM-energy and boost (accelerator information)

- P_, __:we reconstruct and measure

- Search for peaks in MM when h, (nP), Y(1-3S), etc... are produced:
MM = My,

« Selection is simple

« Pions with opposite charges

- track originating from IP and particle identification
« Continuum suppression with event shape

J. Wicht: B_and Y(5S) decays at Belle 13



M), GeVrc?

O Signal calibration B

BELLE

« Use the large exclusive “Y(5S) = Y(nS) i~ with Y(nS) - ptp=" as
reference

. Signal: CrystalBall Y(5S) - Y(1S) m*m~  Y(5S) - Y(2S) m*n-

tail due to ISR 2wl % 70f (o)
= 3
0 ° 800
« Reflections are also £ § ool
calibrated . wob
ol
; ; 200
106 F 100 F
10.4 0=t YT 5 :Mwﬂf’gﬁ%z %5 o9o5 10 10&{{;?}:16 eVL%“
102 Y(3S) - Y(1S) "o~ Y(2S) - Y(1S)
30T
10F. %.; (@) %— (f
98 o 20f 2 sl
' 2 _oF g
95 g :
94 150 [
o2 00|
"9 9.5 10 105 : "
0™ %98 9% 10 1005 101 0.1

MM {r*r), GeVic?

), oz 0% 103 103 104 1045
MM ), GeVic MM (), Gevic®

J. Wicht: B_and Y(5S) decays at Belle 14



D

O Background DS

 Most background is random combination of pions that can be
described by polynomial function

- At MM~M, ., region: contribution from real K,— n*n~ explodes
- Near threshold: M, .o ~ E_,—M,,
3 0-5_-"f | MC
Ros751 -
= e
"I Generic K©
002 [ o
0.5
oazs | T
045F - +agos
0.425 |
0%.1" 1015 102 1025 103 1'bn.3.5: 1(.).4 Qo705 102 1025 103 10.35 104
MM(x'r), GeV/c MM}, GeVic?

K, yield fitted in data as a function of MM
Will be used as PDF in the fit

J. Wicht: B_and Y(5S) decays at Belle 15



(R Fit procedure

« Three independent fit are performed to MM distribution

« signals and reflections (calibrated with exclusive decays)

« combinatorial background: order of polynomial: max of C.L.

- K, background (3" region only) § 5)(5;2 Fit of 1 region
h,(1P) h,(2P) zsoof Y(18S)
«0° Y(1S)  Y(2S) Y(3S) et l
“5*:; 14m- N T o]
,E_ 1EDD:- 3500
g 1ﬂl'.]l'J:- 3000; IIIIIIIIIIIIIIIIIII
g e
800 [ S 25000 background
: L Ly #20000 subtracted
o0 [ 1 2 3 515000l
wb D27
IR I %WWWM""“M%
0=——g5~""%75 10  10.%5 105 KRS |[l BRIl
MM{ﬂ*ﬂ-}. GE‘W‘:E 9.3 9.4 9.5 9.6 9.7 9.8

MM(x'7), GeV/c®
J. Wicht: B_and Y(5S) decays at Belle 16



@

Results

o - o . ¥(25) 7
E aoooo [ Preliminary | l T
L&) n
L N
% 30000 Y(15) —
E'EI'EI'I'.'I'D_- h,[1F) T Y(35)
i n
ep)
| !
704
MM(x't), GeVic®
Yield [103] Mass [MeV /c?] Significance
Y(1S) 105.2 + 5.8 + 3.0 9459.42 + 0.53 + 1.02 18.2
hy(1P) 50.4 4+ 7.875° 9898.25 + 1.0671°0° 5.5
Y(35) — Y(1S) 55+ 19 9973.01 2.9
Y (2S) 143.4+ 8.7+ 6.8 10022.25 £ 0.41 4+ 1.01 16.6
Y (1D) 22.1 4+ 7.8 10166.2 + 2.4 2.4
hy(2P) 84+ 774 10259.76 4+ 0.647 ;" o3 11.2
Y(2S) — Y(1S) | 151.6 £9.7755, 10304.57 + 0.61 £ 1.03 15.7
Y (35) 44.94+ 5.1+ 5.1 10356.56 £ 0.87 4 1.06 8.5

J. Wicht: BS and Y(5S) decays at Belle
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Results

. Could the observed states be y,,(nP)? No o h@P LGP
- Measured masses are ~30 off compared to ), ,(nP) :;i :
. . . & 1000 -
« Y(5S) — y,,(nP)m*n~ violates isospin = | hop z(P)
(strong interaction) g‘? , P

- Mass are in very good agreement with CoG of y, states

« h (1P): AM =1.62+£1.52 MeV/c?
« h (2P): AM = 0.48+1.57 MeV/c?

Consistent with hyperfine interaction

 Ratio of producg:lczn gate( SIS
L(Y(5S8)—hy(1P)xtw™) 40.043
I‘(T(5S)—>le(25)7r+ = = 0.407 = 0.079 25 g7¢

(Y (5S)—h,(2P)nT=n~) __ +0.22
Fr(58) > (28)nF =) — 0-78 £ 0.097,775

« Spin of h, (nP) is 0 while Y(nS)'s are 1: decays to h, should be
suppressed because of spin-flip.

- Y(5S) —» h,(nP) n*ni~ decays seem exotic!
J. Wicht: B_and Y(5S) decays at Belle 18



Search for h, at Y(4S) [

BELLE

« Using all our data: 711 fb! (ie six times more data than at Y(5S))

Y(2S) 2
4 x 10
*10Y(1S) h (1P)
2 1200f | - L 2000F Y(2S)
2 S 1750
= 1000 | =~ 1500
2 h!(2P) £ :
Z 800 i’b 2 1250
H . above :
\ thréshold 1000 ¢
000 : 750 £
400 |- 5002-
250 £
200 - . -H'
:II:I:'| i' '1' 1 + 1 . 1 .+|
0=="95 975 10 1025 105 965 99 8988 10 106’52
MM(r 1), GeV/c? MM(n'rt'), GeV/c

No significant h, signal
(34+20) 103 (1.70)

oc(ete " —=h,(1P)rT )@Y (4S
GE€+6_—>"L:€1P§7T+7T_;@TE5S; < 0.28 (90% CL) T(45S) decay to hb

is not enhanced
J. Wicht: B_and Y(5S) decays at Belle 19




D

© Future plans 2

Many results obtained with only one fifth of our data: 23.6 tb™!

B? — Type B Signif. Status Reference
by Radiative penguin (537157.7) 106 5.5 15t obs. PRL 100, 121801
Yy Radiative penguin < 8.710°6 — Best UL PRL 100, 121801

J/vYm CP-eigenstate (3.3 £ 0.9+0.5) 10~ 7.3 15* obs.  arXiv:0912.1434
J/vm’ CP-eigenstate (3.1 +1.2+0.7) 1074 3.8 15¢ evid. arXiv:0912.1434

D,D, CP-eigenstate (1. 0+°-4+3-3) % 6.2 — PRL 105, 201802
D*D, CP-eigenstate (2.8702 4+ 0.7) % 6.6 15t obs. PRL 105, 201802
D*D*  CP-eigenstate (3. 1Jr1 3 >+0.8) % 3.1 1%t evid. PRL 105, 201802

Measurement of AL
with B, - D ®D_©

— ['.'.3_—
> [ B _,
- - E_ - Belle 23.5 b
> 14 Bx oF ~ 0.2~ . ;
Q@ o 'Yr " B Standard Mode! (Niarste, CKM 2010)
() 12 (0] [ — - eemn g
(o] F — 8_ =] - = I
Q 10F T 0.1
o E o 6: r &« w1
= &t = B
(/)] C 0 4r 00—
T 6 T -
Q F Q 9 -
> 4 T
w o ok -0.1
2F \ r |-
r — ¥ N
0= l l -2_l TR S -0. 2
04 0302-01 0 01 02 0.3 0.4 02 04 -
AE (GeV) AE (GeV) B
TR | T T N T T SO T A SRS TR N [ ST T
033 -2 -1 0 1 2 3
Need to update! o, (rad)

J. Wicht: B_and Y(5S) decays at Belle 20



Future plans

« Measure branching fractions as precisely as possible
« Important for example for B, — pp BF normalization at LHC
- Need to improve precision on f_(fraction of B )
- Using new method: dileptons
« Y(5S) = B (=X~ 1* v) B (=X* 1" »)
- B_oscillate ~40 times faster than B°

Lifetime [10712 5] Am [10'2 h s71]
B9 1.425 4+ 0.041 17.77 + 0.12

S

BO 1.525 + 0.009 0.507 & 0.005

« Ratio of “same sign dileptons” to “opposite sign dileptons” is
sensitive to f_

- Reach 5% precision on f according to: arXiv:hep-ph/0604201

J. Wicht: B_and Y(5S) decays at Belle 21



D
Summary

- With 121.4 fb" at Y(5S)
« Observation of B —J/y £,(980) and first evidence of B —]J/y £,(1370)

- CP eigenstates to measure B_ without angular analysis

. First observation of two bb states: h (1P) and h, (2P)

- Masses in agreement with expectations (CoG of Y,)

« Production ratio of h, with respect to Y(2S) is not suppressed as
expected due to the spin-flip

- Production of h at Y(5S) is exotic
- No evidence of h, in 711 fb"' at Y(4S)

« Stay tuned for summer results!

J. Wicht: B_and Y(5S) decays at Belle 22



©

Syste m atics

Polynomial Fit Signal  Selection R
. esults are stable
order range shape requirements
ﬂ"r[h'hL ]“J Zi::'-:'-“l :tr';-h' tlﬁ Significance W|||r systematics
Ff o 14 2
M(hy), MeV /c? +.04 +.10 j:::gn pai (1P) 5 5 s
NT[hy(2P)], 10* +22 426 123 . Nyl -
' )
M[hy(2P)], MeV/c?|  +10 +£20 +10 o8 n(2P) 11.20
Mmeasured — MPDG for reference channels
= = .
g 10400 - :
©10200
; r E DEViatiDl'lS of reference channels from PDG
B10000: e G
@ I > additional uncertainty i‘]Mev
= 9800} . ot 5
i ' : local variations of background shape !
QEDU:— : T[nS}—}inclusiue
el Y(nS)opt
9400 - : ' . |
-2 -1 0 1 2
2
Mmeaiured 3 MF'DG’ MeV/c

23

J. Wicht: BS and Y(5S) decays at Belle 23
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