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The KEKB complex

For a summary of Belle's resuts:

Prog. Theor. Exp. Phys. (2012) 04D001 B
e ~8GeV et ~3.5GeV
—
- - LAB to CM boost
Complete knowledge
of initial state
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The Belle detector

: Aerogel Cherenkov cnt.
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Calorimeter

BELLE

PID

/N \
Si vix. det./ . K/K, detection
3/4 lyr. DSSD ~ 14/15 lyr. RPC+Fe

Inner tracking:
3-4 layers of Double Sided Silicon Strip

Drift chamber (traking + dE/dX) Drift Chambi

Particle Identification:
Time of flight (TOF)
Threshold Cherenkov counter

Neutrals: Silicon vertex
Nal(Tl) calorimeter

RPC + Fe for KL conversions
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Threshold structure in bottomonium
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P> C — Non-relativistic potential
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Bottomonium is intrinsically
non relativistic

— NO Mixing

— simpler than charmonium

— good description of the cross

section sin terms of Rb
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Y(5S) lineshape history

'ﬁ Both open and close

cle*e’ - bb — hadrons]

b ole'e - uu]
cle'e” - nnY(nS)]
R = : -
o cle’e - uu]

PRL 102, 012001 (2009)
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New Belle Y(5S) scan B

BELLE

Full Belle scan
For Rb: 61 points (50/pb each) every 5 MeV
For Ram: 22 points (1/fb each)

According to PRL 102, 012001 (2009)
cross sections are visible ones, not
Born
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New Belle Y(55S) scan B
Same as PRL 102,012001 (2009) =

|ANR|? + |AR + €955 (A5s BW (Mg, T'ss) + Agse'?95-55 BW (Mgs, Tgs))|?

- A )

Coherent Y (5S) relativistic Breit-Wigner  Y(6S) relativistic Breit-Wigner
continuum , ' , ] ]
Amplitude According to BaBar's analysis,continuum is assumed to be flat
. Y(5S) fitted mass  Y(5S) fitted mass
Incoherent continuum ; .
Amplitude a 0.55 1
P ¢ R [
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Rrnm at Belle

ArXiv:1501.01137
ocle'e - nnY(nS)]

Full reconstruction of Y — uu
ocle’e —» uu] No continuum background

Rnarn =

e'e” - u'uy suppression: sidebands

Z100 | B
E""‘ u "E BELLE
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Rrnm at Belle

ArXiv:1501.01137 _
PHSPx(¢X§ﬁ+wﬁjﬂéiAmﬁnrummJgg)

+Agset?ss-55s BW (Mgs, Tss)

No continuum contribution is visible Fixed by Rb
S 4 ] |
% ﬂ-g p—s Y(6S) Y(GS_) = TN Y(1,2,3S)
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Rrnn with h b( 1,2P)

ArXiv:1508.06562 ‘15
Y(5S) - nm h_(1P) was observed. v Reconstructed
- does it behave like TY(nS)? IR

e s e+
— what about the Y(6S)? e,

; ; hb(1,2P)
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T —— Eur. Phys. J. C72 (2012), Issue 4, 1981
1 9.41— Y (18) ——
. 1 C n, (15)
IIIIIlIIIIl:IIIIIllllll;lll — | | | | | |
10.8 1085 ;109 1095 11 vl oroeLt 1 L33 2
[ | | BS1 1So 31?0,1,2 1P1 3D123 1Dz
E_ (GeV)



Rrxnr with h b( 1,2P)

Is there any Zb signal?

1 : — single pion recoil mass

o = | Y(55) Y(6S)
| arXiv:1508.0656

—
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First evidence of resonant structures in Y(6S) — pp bb 2000 bl o
Transition dominated by the Zb contributions M__(m), GeV/c?
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Part Il - New transitions




Hadronic transitions: lower states

Kuang, Front.Phys.China 1, 19 (2006)

47‘/7 Photon

QED multipole expansion momentum k

a/A ~ ak <1 a/

-
/
In quarkonia: ‘ ] Two-step process with
f~0.1fm ' k<1 5 emission of gluon pairs
k ~100 MeV A : T Chromo-electric gluons (no spin-flipping)
S — Chromo-magnetic gluons (spin-flipping)
B

Color octet, Intermediate states can be factorized A potential model may
enter here

<i CI’[|T;|K L >< K, L|T;|¢’j - ?I.'FT|E;;E;‘U -

A — .r
E1E1 = / E L Exs

First gluon QQg hybrid Second gluon Gluons — hadrons

emission states emission
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HQSS above the threshold

Heavy Quark Spin Symmetry predicts:

Below threshold ~ OK

b quark
spin flip N r[Y(nS)3nY(mS)] B[Y(3S)»nY(1S)] 3
<1 <2.2X10
'Y (nS)?»anY(mS)] B[Y(SS)-):rcnY( S)]
S)» _
spin flip LY (nS)>naY(mS)] T
F o F
i 1 =
107 =
1072 =
| QCDME
10 dmfmmmmmmmmmfmm e mmmme e e eee e e e e mmmmm o s s mmems s s s sssss s s ssssss s
10—4 B I I I I I I I I I I I I I I I I I I I I I y I :v' I I I I
Mog, Yasy Yas Yag, Yag, Mg Yisg, Yisg (SS) (SS)
'~ rrS’I““ ‘-"rrs’j“" Mes) '~ I”(réj I’reéj“‘* I’rrS’I““ I’reéj“‘* Mp,) ey her)
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HQSS above the threshold

bHeav;k/ Quark Spin Symmetry predicts: r[Y(58)»nY(1S)] _ 16
quar r[Y(58)»nnY(1S)]
spin flip \ L[Y(nS)»nY(mS)] <1 [Y(58)2mnY (15)] BeIIe |
T[Y (nS)>nnY (mS)] FI“[;Y(E(SSSS)):nYy((ZS); _oug Preliminary
JTTT
no b quark FIYIHSI"T”Chb(mPII<<1
spin flip [Y (nS)>nn Y (mS)] rIIIzY(IfsS)I:nYYIIlSSII]:2'41i0'40i°-20 PRD 76
T
E-,__ ’ :_ B Spin-flipping transition is enhapced
- = 'y for transitions across the threshold
= . — should QCDME fail so badly?
107 == — large n transitions:
— source of SU(3) violation?
102 = — Why enhancement at Y(4S)?
.::!If‘* . QCDME
= L LT B itttk
10—4 B I I"'I I yl I I"'I I I I I"'I I I"'I I yl I I"'I I yl I I I y I :v' I I I I I
EIRESIMES (4g, '(4s; ‘(65 ‘(55 ‘(58 (SS) (SS)
> rrS’I““ I’rrs’j“" Mes) ) I”(réj I’reS’I“‘* I’rrS’I e I’reS’I“‘* Mp,) ey her)
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Missing transitions

nw transitions from Y(5S) have been widely studied

— Unknown n

—  Knownn

n transitions to spin singlet states are still not studied @ = =  =----- Known y
> - .
g L T S I
L Y(68 — ]
o p o Y(4S) - . Y(3S)
mlu.e_— 'W' 10.3_— e
1) B B
m - L
= 10.6— r 10.6 — r
B (48 nds) ey r— B ag)
L B
10.4— 10.4— . Y(2'D)
- T(38) B 38)
10.2[— 10.2]
N Y(1’p,) _ _ o) y(1'n)
10— 10— ¢
- T(28) - 28
9. g 9.8
9.5__ - 9.5__ Ao : .
— rﬁ'heoretical predictions from : ' i .’,Thearatica_ predictions from
: 'I T Bur. Phys. J. CT? [2012), Issue 4, 1981 | e s " Eur. Phys. J. C72 (2012), Issue 4, 1981
8.4— (18} el 9. 44— ¥(1g) S
B n. (18) B n, (18]
C | | | | | - ] | | | | 1
e U oo* o0,1,2°* 1" 1,2,3°° JF° 1 c* @1,2"* 1% 1,2,3 9
'8, sy o2 B Dy, '8, 18, 1 'p, D321 D,

Y(4S) - n h (1P) predicted to have BF ~ 10°

Possible new gateway to n_(15)

Y(5S) - n h (2P) can give indications on the HQSS breaking mechanism
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D

Y(4S) - n bb B

BELLE

Systematic uncertanties

BF[Y(4S)_)1] hb(1 P)] - (2-18 i 0-11 i 0-18)X1 0-3 SOL[]_‘CE‘ Nﬁb[]pj NY{IS] Mhi:flp]
: . 3 1 Background order and range = £2.4 +7.1 fo.1
First single meson, °S —» 'P Bin width 425 o4 401
ISR modeling +2.8 +2.6 +o.7
BF[Y(4S) =M Y(1 S)] <2.7x104 7 energy calibration +1.2 +1.4 +0.3
| t with : It d si lati Peaking backgrounds +o0.5 - +0.4
n agreement with previous resulits and simulation .. i uction efficiency 16.6 185 _
) Ny (4s) +1.4 +1.4 -
M(hb(1 P) = (98993 +0.4 = 09) MeV/c Beam energy calibration $0.0 £0.0 +0.4
| t with : t By — 77l +o.5 +0.5 -
N agreement witn previous measuremen Total 18-,  +116 Y10

M(h_(1P) = (9899.1 £ 0.4 £ 1.0) MeV/c?
PRL 115, 142001 (2015)

< 30000E- D
> — "
gurE 1™ nap
° =S !
< 20000 — & 40000
- ~ B I +
"' 15000 £ 20000
10000— 0—92 94 96 98 '1’32]
— Mmiss{rl} [Gev‘fl
5000 — Y(1S)
0 b4 - L] . W " + L , n +++ il « JAIP Y J I’.._J L AP,
h * s 1 p \‘1 + L | + + 4 -'I"
-5000— Gl w4 po o osay s e on m oo mougmwm B oW S g oammm o om geomc & o=
9.3 9.4 95 9.6 9.7 9.8 99 10

M_..(n) [GeV/ic®] 15



D

Results: Y(5S) - n bb D

BELLE

Systematic uncertanties

Assuming c(e‘e” — Y(5S)) = (0.340 £ 0.016) nb _Source 7Y(1S)  yY(2S) yY(1D) yhy(1P) nhy(2P)
Ny ss) +4.9%  £4.9% +4.9%  £4.9%  £4.9%
BF[Y(5S) =N Y(2S)] (2 1+ 0 + 0. 3) X 10-3 7 reconstruction +4.0%  £4.0% £4.0% £4.0%  £4.0%
Fit range +4.0%  £6.0% £35% +9.0%  £10%
BF[Y(3S) —» n Y(1D)]=(2.8 * 0-7 + 0.4)x 103 g o j:;.'l% +1.0% QE i(i_;[}-:) +20%
BF[Y(5S) - M h (1P)] <3.3x 10- -3 (90% CL) Polynomial order +9.0% £73% +11% £10%  £9.0%
b Signal resolution +7.0% £12%  £1.0%
BF[Y(5S) A || h (2P)] <3.7x 103 (90% CL) Floating masses +5.0% £7.2% E17%
o Peaking backgrounds 10.3%
Total +16.2% +18.1% 483% +21.0% +25.0%

Residual / 5 MeV/c?

3000 — Preliminary | Y(2s) Y(1D)
- | hb(1p) 330 5 Ghb(2P)
2000:— Y(1S) | 246 } n <1o
- 180 | [
1000 — ' |
: ik b B 'jm
0 L4 i l“ s m. rf J_ll T .’II“ ‘i} MESY . = l: h
g ,g Tl ": 2 i T |'| s i ,"|||I
-1000 — I ++ | | }
9.3 5.4 55 3.6 9.7 55 59 T 01 102 103

Myes [GEVICT] 16



nrn/n transitions: Th. VS Exp

I .. [KeV]
<

I, [KeV]

107
1072
1073

1074

Y(2,39)

Y(4S)

E—e—

et transitions

Experiment (PDG 2014)

Segovia, PRD 91, 014002 (2015)
Segovia, arxiv:1507.01607 (2015}
Simonov, Front.Phys.China 1, 19 (2006)
Simonov PRD 79, 034024 (2009)
Simonov PLB 671, 55-59 (2009}

Meng, PRD 77, 074003 (2008)

T T =2

N transitions

Experiment (PDG 2014)

Guo PRL 109, 062001 (2012)

Segovia, arxiv:1507.01607 (2015)
Simonov, Front.Phys.China 1, 19 (2006)
Simonov PRD 79, 034024 (2009)

Meng, PRD 77, 074003 (2008)
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nn/n transitions: HQSS

'[Y(4S)»nh,(1P)] N Assuming BF[Y(4S)—»nr h (1P)] =< 0.4 x10-3
I[Y(4S)>nnh(1P)] ™ Same behavior as in the Y(4S) — Y(1S) transitions
L[Y(55)2nh,(1P)] _
[y (58)»anh,(1P)] Spin flip / spin flip ratios
L[Y(5S5)»nh,(2 )] © No theoretical predictions
r[Y(5S)2>nmh, (2P )
2 — e
~ L
E + vy
10 l
10 ;—
. j_+ . QCDME
TR e e e e L P PP PP L LS
10—4 B I I I I I I I I I I I I I I I I I I I I I I I I I I I

> WYig Mg Meg > WYie ” Meg, Mg, Mieg, ” Mg “hie hiep
) ) ) ) ) ) ) ) ) )



Investigations on the static

Eichten and Feinberg, PRD23, 2724 (1981)

Spin-dependent potential as function of long range

and short rage potentials
1 aVy  dVs
Vig(7) = 3 — —
Ls(7) Zrnﬁr( dr dr

),

1 &2V, 1dVs

Vi(r) = 61—:»1%( drz ;F)’
|
V‘;S(?) = szVV
3mb

P wave - Odd y(r) — |y(0)|
AM, (1P) = +0.8 £ 1.1 MeV/c* PDG

AM,_(1P) = +0.6 £ 1.1 MeV/c* This work.\
9

AM,(2P) = +0.5 + 1.2 MeV/c>  PDG

S wave - Even y(r) - |y(0)| 220
AM,(1S) = 69.3+ 2.8 MeV/c® PDG

10

9.6

9.4

potential

Non-relativistic potential

—®— Unresolved triplets

—— (bserved states

—e— —

Y(1’p,)  y(1'pD)

o [T T

g
Q

00+ 0,1,2** 1% 1,2,3° o+

3
P0,1,2



1S HF puzzles

18) in charmonium [MeV/c7]

[N

£105

AM

1S Hyperfine splitting [MeV/c 2]

Y(2,3S) - v, (1S)

90
80
70
60
50
40

30

h (1,2P) - y1_(1S)

3.70
discrepancy

£
r
—%‘
&
2
(o]
v

=Y
—t

100

Measurements of the ground state HF
in different channels gave different
results

M), —M(n)_=-12+3 MeV

M(n ), —M(n)_ =-7.7 % 1.4 MeV

n,(1S)
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1S HF puzzles

18) in charmonium [MeV/c7]

e

£105

AM

1S Hyperfine splitting [MeV/c 2]

Y(2,3S) - v, (1S)

90
80
70
60
50
40

30

h (1,2P) - y1_(1S)

In charmonium, the discrepancy
is corrected introducing a form factor
for the M1 transitions

3.70
discrepancy

£ M(nc)line shape factor:
"9:‘ 3 —2 2
Z EyeXp(Ey /(8p%))
®
S B =65%25MeV

PRL 102 (2009) 011801,

Erratum-ibid. 106 (2011) 159903

—h
—r

100

Same factor for the n _(1S)?
m (15)

\ ¥(2S) / J/y = v _(1S)

corrected
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D

Y(45) » n h (1P) - 1 yn,(15)  .xis00014  peeee

AMM(y) = MM(ny) — MM(n)

= M(nb) — M(hb)
n
Y(4S)
n
hb b
MM(n) Y
16000 D= 119, 142001 (2015) M, (1S)] - M[h (1S)] = (-498.6 + 1.7 + 1.2) MeV
Emmg— + Mn, (1S)] = (9400.7 + 1.7 + 1.6) MeV
i Tinb(1S)] = (8 *° + 5) MeV

5
BF[h (1P) — ynb(1S)] = (56 + 8+ 4) %

i e b s by g e by s by e b
8 07 -06 -05 -04 03 -02
AM_._(vy) [GeV/ic?] 22



tting theory VS experiment
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Summary

First observation of Y(4S) —» n h, (1P)

First study of Y(5S) —» n h,(1P) Preliminary

— No evidences, but upper limits allows to increase our knowledge
of the spin flipping transitions pattern

Updated parameters of np(1S5)

— Line shape factor as in charmonium?

Fine-graned R, and R__ scan

— Evidence of Y(6S) — nnt Y(nS)
— Can Y(5S) — Yb difference be due to interference with non-flat continuum ?

Rnnt scan with txhb(nP)
— First evidence of Y(6S) — nw hb(1P,2P)

Bellell
50 ab™ Y(4S) — ~ 100 millions h _(1P) via n transitions (untagged)
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Heavy quark spin symmetry tests

n/nx transitions to spin singlets (first study)

r'[Y(5S)>nh,(1P)]
T[Y(58)snnh (1P)] O
r'[Y(5S)>nh,(2P)]
T[Y(58)snnh (2P)] - -0
[[Y(4S)>nh,(1P)]

r[Y(4S)>nnh (1P)]

n/n and nn/nn ratios compared

Spin flip / spin flip ratios
No theoretical predictions

Results on transition
Y(5S) - nm Y(1D)
is estimated on published data

r[Y(5S)2nY(1D)] .,
LY (5S8)2nh,(1P)]
r[Y(55)»nY(1D)]
r[Y(ss)enhb(2P)]>078
F[Y(55)‘>YIY(1D)]:1 6+0.7
ry(58)»ny(2s)]

Spin flip / spin flip. Theory?

Non spin flip / spin flip

[[Y(55)>nnY(1D)] .
r[Y(5S)?nnh,(1P)]
F[Y(SS)—)nnY(lD)]NOB
r[Y(5S)»nnh,(2P)]
r[Y(ss)->ch(1D)]NO3
C[Y(5S)»nnY(2S)]

Non spin flip / non spin flip

Assuming BF[Y(4S)—nn h (1P)] =< 0.4 x10-3
Same behavior as in the Y(4S) — Y(1S) transitions

Expected to be
small in HQSS

Opposite behavior
between wr and

41



Rzz with hb(1,2P)

»
ArXiv:1508.06562 T
Y(5S) - nn hb(1P) was observed. w.p | Heconstructed
— does it behave like tnY(nS)? DR
— what about the Y(6S)? © it s
: : hb(1,2P)
4r @ IY(5S) Y(6S) ; Not Reconstructed

Y(6S) —» nw hb(1P, 2P)
— First Evidence!

Fit model:
| An f(s) |[BW(s, M5.T5) +ae**BW(s, Mg.Ts) + be |

6 (h,(1P)t"T) (pb)
M0

6" (h,(2P)n'T) (pb)

Parameter Default model T(nS)rTw~ analysis
Ms , MeV /e” 108847732 F5% 10891.1 £3.277%
I's, MeV 44.2+119+2.2 53. 7T 14180
o 1 o H“_TB —'l.:-._i%ﬁ_l : _a'%]a'-}pq}
Mg, MeV /e 10098.6 £ 6.177% 10987.5T52 157
T, MeV 20130 +2 615,13,
A1/10° 18TF%
A2/ 10° BOTEE
a D.ﬁif?}'_fé EE-”
(¢/m) 0.175%

g L oF(hy(1P)), b 1606 + 00 £ 05
10.8 1085 :10.9 1095  ti o (hy(2P)), b 2605 = 16415
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Z, decay modes D

BELLE
Preliminary
600 —r—r—rrT T T T T T T T T T T T T T T ™)
: BB ﬂrﬁmd + HS data : 1m B 1 ] | ] ] I ] 1 I 1 ] ] I ] ] L] I ] ] ] ] ] L] I ] ] L]
. 500 ! -
U —— . i (a) i~ % WS data + RE data ]
= WS data - “ i
a 400 3 3 L , 1}‘ ———- Model-0
: Fit . b [ % oo Model-1 ]
Elauu :_ . ] é'l g0 L BB Zb % 7' ====  Model-2 7
m E B* B*n n i 8 gt I'l'.'ln. b e Ih.del - 3 4
o - ] L | s . Background |
a 200 — . w - ! ol o -l-' ]
= 5 ] 4 40+ Rt S ]
- ; 5 g [ TSGR0 TEgorl Ye g | ]
100 - ] Toteletelelele Wi ive oo T N
3 ] . § OGNS NANTTIRSRERLL T
] i 1 B S S, ]
2 o, U S o ] T,
i i . 1 20 - B T S B ]
C B B ] = i T IR i
5 5.2 53 5.4 5.5 [ B X KX K K el it 1
o2 i B LB
M(Br), GeV/ 100 | et . s s o o R
Recoil mass from i m: (b) P WS data + RS data 1
4] = =
* - .
B*r system tags the L v )
g8 [ =----- Model-0 ]
other B = g0 L b 3
h - Model -3 +. | 1
L
5 [ —— Background r"r 11*\: I | ]
§ BB | g ks :
Bk RS IR ]
2 - +, letluelets T .
a = e tetetetetele o N OO
X L KOOI v 1
B T ) 1
i L A I R P
Sl B A S S

0 .

1057 1059 1061 1063 1065 1067 1069 1071 1073
2

M. .(T), GeV/c
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Z, decay modes

preliminary
Z'b

Channel Fraction, % e oo — .

Z,(10610) Z:(10650) B*B* .
T(15)rT 0.60 £0.17+0.07 0.17 £ 0.06 = 0.02 N L LT
T(28)7t 405+ 081 £058 138+ 0.45+0.21 BB *
T(35)rt 240+ 058 +0.36  1.62+0.50+0.24
h(1P)mt 126+ 128+1.10 023+28 +298 | From inclusive Y(5S) - n*n~ +X
hy(2P)rt .08+ 215+1.63 17.0+374+41 | decays
BtB*" + B'B*t  826+29+23
B*tRB*Y - 0610+ 44 — Kinematically favoured but

absent
Why Z,(10650) should not decay in BB* ? Molecular

Model

Z ~|BB*>
Z', ~|B*B*>  with negligible |BB*> component

Proximity to open threshold J
I'(open flavour ) >> I'(harrow quarkonium)

11



HQSS above the threshold

Heavy Quark Spln Symmetry predicts: Y(5S) no spin f||p suppression
b quark \
spin flip Y (nS)»nY(mS)] <1 F[Y(55>"Wﬂhb(21’)]:0 7740.08"02
F[Y(nS)-Mc:rcY(mS)] r[Y(558)»anY(2S)] = = %
PRL108,
no b quark F[Y(nS)—)mchb(mP)]<<1 F[Y(5S)"Tmhb(1p)]zo46+oO8+o.o7 122001
spin flip 'Y (nS)>nanY(mS)] r[Y(5S)*any(2s)] —~ — — F
i r[Y(58)»nY(1S)] _ 16
E 11:_ e — Non-relativistic potential F[Y(S S)—) j‘[J‘EY( ) B Belle
= - Y(s.S) —®— Unresolved triplets r [Y(S S)-) ny<25)] preliminary
w 10.8 e =0.48
T Observed states F[Y(S S)-)J'EJ'EY(Z S)
S 10.6—
- — Y(4S): spin flip enhancement
10.4— i
: ¥(2°,) Y(2°D) 9
1021 g LIY(45)2nY(1S)] _, 4, 494020/ PRO 78
- —— I[Y(4S)»nnY(1S)] 112002
10:_ f - Y(1'D)
B N, (28) ——
9.8F ?E) o Spin-flipping transition is enhanced
- for transitions across the threshold
Ty e - should QCDME fail so badly?
o S Ry — large n transitions:
T e T T T o source of SU(3) violation?
', s, ., % D, b, — Why enhancement at Y(4S)? 13



Other exotics Iin Y(5S) transitions?

Bottomonium equivalent of X(3872)

CMS: inclusive search for PLB 727 (2013) 57
Xb = nrn Y(1S) in pp collisions

Belle: exclusive Y(5S) decay
Y(5S) >y Xb > yo Y(1S) arxiv:1408.0504

11.2
L
= [ —
o110
8 ; Y (65)
2108 ves) ~v~a_ Y
% B S~ ~ Xbﬂ .
B en Beaut
= 10.6 = - -
104F e/ ne R
CY(3S) o (39) —_— Q
1021 y h,(2P)  ——— ;
[ Y (1D) %’
100 B Y(28)
- — 1 o
- — " 'h (1P r
9.8F o =
: -9
- -
9.6: )
L — T
9.4 - v(15) ' L
i 0, (15)
9.2k
J¢ 1 o 0,1,2* 1 1,2,3
3 3
S, 15,] 3Pu,1,z 'p, D; 2,3

I | [ [
CMS [___|* 1o Expected

o
-‘E 10% [~ s =8 TeV ]t 2c Expected ]
T %[ L=2071b" 6.56%...].-.77- Median expected _
% 6% —— Observed 7
o
4%
2% el ks e ain y I
1% = ~
| | | | | | | |
10 101 10.2 103 10.4 10.5 6 10.7 108 109 1
BB threshold region M, [GeV
251 ]
N —+4-Data ]
20:_ __."{Xb MC _:
- Xb(" P) * — O MC ]
15 Reflection! [Jo sideband —
i No x, (3P) .
10 2 No Xb
51 + -
ot st g aw et
10.2 10.3 104 10.5 10.6 10.7

M(oY (1S)) (GeV/c?) 12



Y(5S) » o x,(1P)

arXiv:1408.0504 Y2 — - | - —
3 ey ixbu P) _
BIY(5S) - o 1P)] < 3.9x 10 T N -
[Y(55) - 0 %,,(1P)] B A (a)
B[Y(5S) -» w xb1(1 P)]=157+0.22 £0.21 x 10 % e e T _::';.-‘__ |
_ 3 O | RS
B[Y(5S) —» w xb2(1 P)] =0.60 +0.23 £0.15x 10 ;0.8 . -’*f’-‘ﬂ - ®
|I:" I * .'h:: e
B[Y(5S) —»yXb —» yo Y(1S)] <2.6 —-3.8 x 10° S erdl ' .
o112 = .
§ 1105 viw g4l L i
:108_—‘1"_' 9.6 9.8 10 10.2
210.8 - v(59) 2
s, f open Beauty M(YY(1S)) (GeV/c)
106 =— 40
104 TRCE o e :
L L — 10la _
10.2 :— h(2P)  ——t ; 30 ~ - Background (C) 5
:_ Y(10) % i n° sidebands T
10'0; Y(28) 1(28) —, . E 20 = ib“ i
9.8 __ ¢' ¥ (1P) h,(1P) = - b1 -
B . “ 1% e
L A S 10}
9.4 F v(is) — LLI [
. 1, (15)
9.2k - 0 R i ..
J°C¢ 1 0 0,1,2* 1 1,2,3 ! 9.8 9.85 9.9 9.95 10
S, 'S, B,,, By Dy, ; M@y Y(1S)) (GeV/c?) 13



Rb versus Rrrx B

BELLE

Rb an Rnz are not independent Pb = |A__(bb) x BW(5S)[? bb contribution
— Rb includes contribution form nY(nS)
— Rb includes contribution form nth (nP)
5 P(n*m” nS) = PHSP x A_(nS) x BW(sS)p’ ST
contribution

From Rnrx : Z P(n*®n” nS) = (20 £ 6) % of Pb
Adding Y(5S) — =z h (1,2P): Z P(n'n~ bb) = (33  7.5) % of Pb

Assuming Isospin simmetry: Z P(nm bb) = (50 + 14) % of Pb

Adding Z, - nB"BY: Y. P(nx bb +1Zb) = (132 + 36) % of Pb

No or little room for Y(5S) - BB*, BB, B*B*, BSBsdirect decays
— these events come either from continuum, or from Z_decay

— Small interference between Y(5S) R Large
and continuum (different final states) 0.5 terference
. — 0.45-

T T T
b (a)

e Flat continuum is a
bb

- 0.4
| 44— crude approximation

0.35
. Phys.Rev.Lett.53:878,1984
-5 | Resonance parameters 0.25)
I | = . Hias o by iy Frggaddgaad e iiibbivartaaigil
from Rnr are likely more 10.7 10.75 10.8 10.85 109 1095 11 11.05
reliable (s (GeV)15

SR O i L | S R W AT L ] R |
10ss 10s 107 108 5 /GeV



The first B-Factory generation

(fo") asymmetric e*e” collisions
1200 5 T =1 ah—]
| —KEkB | | Onresonance:
P 'C;:L(*?SJ_PI tb‘ e
e | | Bs y(s): 711 i <:l%§;
| | . B i BELLE
800 y Y(2S): 24 fb!
| Y(1S): 6 fbr!
1 Off reson./scan :
ean _ 100 fb-1
400 530 bl
1 On resonance: P
] Y(4S): 433 fb! T
| 1 YQS): 14
0 __// e ] Off reson./scan :

199871 2000/1 2002/1 200471 200671 2008/1 201071 2012/1

Remarkable discoveries | Z(4430) k==

‘ X(3872) ‘

~54 1b-1

Y(4S) - n/ch(nS) i

1,(25)
h (1P, 2P)

Zb

‘ Y(5S) - nnY(nS) ‘ ‘nb(13) f‘

Y(4S) - nh (1P)

D
<[>
BELE

Z(3900)

/ BESIII
v \ Vv
— M S A AU AN S A
2003 2007 2008 2009 2012 015 3




Zb in Y(nS) final states

M(MeV/c?)

PRL108,122001

Y(nS) - pru-

- Clean final state

- Pure Y(nS) sample
- T’ recoil tag

), GeV/c?

M(u'p

3 other observation
of Zb's !

16
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10000
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Z Summary

PRL108,122001

v ASITT 1 : : Mass and I‘
. : ; measured in 5
Y(2S)n e — {1 I B different
Y(3S)'n 5 - i ~— final states agree
h,(1P)'n 5 —— .- i—e—
h(2Pin'n  fe— | . —— .
Average + + = +
.._.1IC.I.- D_I.II1II:|... .._..‘IIC.I.. I:I ...-1II:I. ...1II:.]...D....1II:: ..... -;Ii.. I: ...1ID...
AM, MeV Al MeW AM, Me\s ALY, MeWs

Angular analysis suggests J" = 1*

Z,(10610)

M = 10608 pm 2.0 MeV
I'=15.6 pm 2.5 MeV

Z,(10650)

M = 10653 pm 1.5 MeV
I'=14.4 pm 3.2 MeV

The Di Pion transitions from the Y(5S) proceed
via the intermediate charged state Z_

The transition does not imply spin flip

Masses are close to B*B and B*B* theresholds
Molecules?

The Y(3S) is an unexpected source of h_



= F
2 [
=
_— B . . -
g2l YRS) T (1D) o Preliminary e
“_,21?.5 ;— ] 10500
[ F] -
o 15 [ Y(2S) -t Y(1S)
- 10250 | nis) = 55
= 08 =59 1P .
12.5 | n -y [ Y(I'D) Y(1'D)
o E il 1000 Vo) g
- - n,(28) % b.(IP)
7.5 9750 | e e
b | _ WAL T Yy
- 9500 - _~ Y .
25 [ \J]q Y{S) ___ final state
o 1 I ) I ¥ A -3 n,(18)
o tlL Il | T T N T | 9250 | L=0 L=1 L=2
9.9 9.95 10 10.0510.110.1510.210.2510.3 10.3510.4 e e
MM(*1), GeV
L [ : ¥@s) Significance 9 ¢
E 40000 |- ) i . :
o : An evidence of:Y(1D) : L
§ 30000 ¥4 was seen in inclusive ; n,(2P) - Significance 2.9
20000 |- MM(rr) spect;ra h1P) <
E I i Y(1D)
10000 |- ; :
o hithlu L i “ j | | _ _ | W n Hll | i
T O TV LT Tl L VLU O S 1 L}
9.4 9.6 9.8 10 2 10.4

MM( '), GeV/c?

B[Y(5S)—- Y(1D)r*n-] B[Y(1D)—-x.(1P)y 2 Y(1S)yy] = (2.0+0.4+0.3) 10



Y(5S) - nxn (bb): the Zb

PRL108,122001

Dalitz analysis of Y(5S) — nix Y(nS) (- up)

116

. 116

116

115

M3(Y(1S)x)

Y(3S)mtm

10652 £ 1.5 MeV

® ¢ 2 + 2 MeV
B*B* 10650 + 0.4 MeV
, 10607 & 2 MeV
----____f _____________ ¢212.2Mev
BB * 10605 + 0.4 GeV

Open questions about Zb
— charged (minumum 4 quark content)
— close to B*B* an BB* thresholds

Open questions about Y(5S)
— Two peaks?
— Narrow state at
— Spin flipping amplitudes: n transitions?

5




Quarkonium: the general picture

Bound state of two heavy quarks V = ﬂ O (r ) Confinement

Non relativistic regime 3 r

<v?(c)> ~ 0.3 ¢? 1-gluon exchange
<v?¥(b)> ~ 0.1 c?

Hbr

> N — Non-relativistic potential
Broad states: decay ® [ v
. . e y 8 _ —@— Unresolved triplets
into “open flavor 0.8 —
~ 100% % A IETCT) —&— QObserved states
] B
2l 166 -—
Y (48) n, (48) = ———
%, (39) h, (3P)
10.4 Y(23DJ) Y(2'D)
Y (38) 0, (38) E’E ——
Narrow states: decay  10-2 non g

Y(1’p,)  yv(1'D)

with transitions or

S T 10 —
annihilations in light sy (s ——
hadrons 9.8 a0
“Classic” rules about hadronic transitions: °-° heoretical predictions from
— Transitions across the BB threshold are e Sur. Phys. 0. CT2 (2012), fssue 4, 1361
9.4  yas —o—
suppressed (OZI rule) - 1, (15)
- Heavy Quark Spin Symmetry (HQSS) F° 1 o 012 1° 123 g
is preserved s, s, m,, ' n,,,



h, (1R2P)- yn, (1S,2S)

PRL109 (2012) 232002

h_(1,2P) is predicted to have large BF

for radiative decays to n,_

BF[h (1P) » yn (1S)] = 41%
BF[h (2P) —» yn (1S)] = 63%
BF[h (2P) —» 0 (2S)] = 13%

O(10% larger

than in the Y(nS)

system

Clean experimental signature with the

hb(1 ,2P) and Z_tagging

Melns

Less background than in the inclusive

searches from Y(2,3S)

11000 -

10750 -

10500

10250 |-
10000
9750 |

9500 -

9250 |- - i e
S=1 S8=0 S=1 S=0 S8=1 S=0
10000 —~————————
> C
L -
O 8000 —
m b
= C
S 6000
P: K
jy
: —
2000— , E
+ + l, y -r .
Oﬂ ** e PRI FLL e T T, Fe s L)
20000 | Y|(3S)-)|an(1ls) o =
0.5 0.6 0.7 0.8 0.9 1 1.1




Y(5S)- n Y(1,2S)

Y(6S)

M(MeV/c?)

Y55)
10750 |

- W~ +am—me( 10500 Y{4p)
Exclusive Y(1,2S) - pum+n > wAm

e
reconstruction § Y(2S) - Y(AS)m't-+ n > vy w3 =5 LD

YD) YA'D)

10000 - ?)nas.) o
_ B =
B[Y(5S)» Y(1S)n] = (7.3+1.60.8) 10-4P . 9750 | B
reliminary _
B[Y(5S)» Y(2S)n]=(38 4 £5) 10+ 9500 | *
Yus;“m)
9250 - L=0 L=1 L=2
S=1 S=0 S=1 S=0 5=1 S0
20 [
E 18 — E ” -
e “F —r0 = 18 |
2 o [MM(r'm ) s F M (YY)
._% 14 — I I.%. 1o _
12 — Preliminary N _ Preliminary
1: i . ._
6 [ 5F
af 4r
- T 2 b .
9.3 94 95 96 97 98 99 10 101 10.2 10.3 0.3 0.4 0.5 0.6 0.7 0.8

MM(n), GeV M(yy), GeV



Missing Mass technique

Y(5S) produced _at rest in the colliding e*e” frame

Y(SS)

h b(nP)

reconstructed

T

M(hb) = (Ec.m. o ETZH{:—)Z o pnzﬂt- =M

SN/

Known Measured

(T'7T)

miss




Belle Y(5S) scan

Full Belle scan

For Rb: 61 points (50/pb each) every 5 MeV
For Ram: 22 points (1/fb each)

Rb =

'ﬁ Both open and close

cle'e” » bb — hadrons]

cle'e - uu]

e‘e” - qq suppression: R2

lllll

CutonR,<0.2 RZ
D. Santel, LLWS 2014

)
-
|

-

YI{55) and continuwum
Fox-Waollram R2

1.86 fb!

3.67 fb!
(scaled)

Continuum from below r{'i.I'S]'

D
D

BELLE

According to PRL 102, 012001 (2009)
cross sections are visible ones, not
Born

ole'e” - nnY(nS)]

Rnr = } _
cle'e - u'u]

~e'e” - P'uy suppression: sidebands

9.4
92 sample 48 fb'! at 10.8633 GeV

0.4 0.6 0.8 1 1.2 1.4 1.6
M(mrpp)-M{pp) (GeV)

D. Santel, LLWS 2014

9
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Exclusive n,(2S) at Belle D
arXiv:1306.6212

300 Identical reconstruction modes
5; 250
>
(3 200 Y(2S)
% T]b(ZS)
'd 15[}_ 0035 004 0045 005 0058 0.08 00685
2 100 f Xs(1P)
@ - Hadrons ;
(@ 50—
: Hadrons
YV S/ Rk TS 095 0.3
A M (GeVic?)
25 fb1 at Y(2S) energy nb(zs) claim by

(158 M Y(2S) decays, 16x CLEO) Dobbs et Al is

87 fb-! below Y(4S) energy disconfirmed by Belle.

for the study of the contiuum
background study

~ one order of magnitude
BF[Y(2S) — 1,(2S)] x BF[,(2S) —( had] <4.9x)106  Delow the claim by
Dobbs et at



%
h (1P) at BaBar 2 —
b 10001 Y(Es)
= | —
" " . I Y(5S)
3 sigma evidence: et
0
e+e- - Y(3S) - 1 hb .
10500 o
10250
Y(I'D) YA'D)
10000
9750 |
a Q.75 o8 Q.85 9.9 Q.95 10
c moq (™) (Gﬂvfcz)_ 9500 | -
S B e T e i o)
‘ZE S 5 e T8 THS T.0 T 05 :_L:u [ "hus]
m,_..(7T®) (GeVic™) 9250 L=0 =1 =2
E | S=1 §=0 S=1 S= S§=1 §=0 |
ﬁ 3(]4]{2':
% 2000
g } Phys.Rev.D 84 091101(R)
2000573 5&  SAs 89 8955 = 10

M o0 (T7) (GeWVic®)

n? recoil mass (GeV/c?)
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Spin-parity of the Z,

D
D

BELLE

New study of spin parity with a 6-D fit that includes contributions from non-resonant S and D

waves:

S(s1,s2) = A(Z,) + A(Z',) + A(f,(980)) + A(f,(1275)) + A(NR)+ A(c)

Breit-Wigner / \

Flatte Breit-Wigner

Cy +C,M?(ntmr)

Fit projections in M(Y(nS)r)

Breit-Wigner

'Bﬂ -| T 11 T T 171 | Y(ls) T 1 | T 17171 | T T 1T |4 1“0' E'_'_'_'—l_'_'_'_'—r Y( 25) TT TTT1 TT1T |- 120 _| L T T Y(3S) | ]

P_ + + 1 _ 1wl E

s P=1t 12+ 7 | om ;

I } > T { : 1 5 sf -

- S 60 [ ‘ il 1 & :

E LA Thr e r I i 5

a0 : 1w [ Akl w60 b =

i PR i e Iii. Py :

ae ) }l ik \ i | + 1

5 B 1 ;_H - |I' [ 5 40 o

20 sl P | i & ]

1 N A M A N A LA M e e o L SRR A W LRI O L8 RN 0L WLN 00 19 LTI 01 3.3 e e AR _ 28
Y01 102 103 104 105 106 107 108 Qo 76 foss 1081 1068 1067 107 107
M(Y(19)m) ., (GeV/ch) M(Y(28)7),, ., (GeV/ch) M(Y(38)7) ., (GeV/c?)

1+ is assigned unambiguously



Search for Z,°
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Search for Z,° B

BELLE
arXiv:1318.2648

Again multidimensional fit that includes contributions from non resonant S and D wave
S(s1,s2) = A(Z,) + A(Z',) + A(f,(980)) + A(f,(1275)) + A(NR)
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Significance is calculated from the Multi-dimensional fit

Z0,(10610): 6.56 [4.90 from Y(2S) + 4.3c from Y(3S)] Observed

Z9,(10650): not observed but not excluded either
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Hadronic transitions: lower states

Kuang, Front.Phys.China 1, 19 (2006)

47‘/7 Photon

QED multipole expansion momentum k

a/A ~ ak <1 /

In quarkonia: T, M

r~0.1fm rk <1 b
k~ 100 MeV r
Gluon

momentum k
Radius (potential model)
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