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Introduction

« Anomalous production of Yrw+m-
and hyrt+m- in Y(5S) decays:

PRL100,112001(2008) I'(MeV)

Y(59) — Y(1S)r+t7~ 0.59 £ 0.04 + 0.09
Y(55) — Y(2S)r 7~ 0.85+£0.0740.16

Y(55) — T(SS)WJ’W_ 0.52702% 4 0.10 02
Y(25) — Y(1S)ntn™ 0.0060

Y(39) — Y(1S)ntn~ 0.0009

Y(4S) — Y(1S)ntn~ 0.0019

and observation of e*e=>h_ n*n~ by
CLEO motivated to search for the
resonant structures in Y(5S) decays

* Large h, sample and high Br(h,)
-1,y allows to study n, properties

» Bottomonia transitions via n
meson can be used to test the
quark structure of Y states
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Di-pion Bottomonia transitions

» Reasonable branching fractions, high reconstruction efficiencies
e Full reconstruction: Y(5S)=>Y(nS)[uwruw Jtn”

 High signal purity

 Study of resonant structure

» Angular analysis
* Inclusive analysis using wt*s™: Y(5S)—=>h, (nP)xt”

* No good channel for h, reconstruction

» Using “missing mass~ to s*m~ system to extract signal:
_|_
Y(5S)

h (nP)
b— reconstructed

T

+ -
miss(n Jt)

“Missing mass” M) =V(E,, —EX, ) -pi2 =M



Candidates / ( 0.001 GeV/c?)
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Observation of Y(5S)2>h, (nP)w*n” Pl
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Y(1S) [105.0£5.8+3.0 9459.44+ 0.5+ 1.0 18.10
hy(1P) 50.0 £ 7.875%  9898.2F 1 10 6.1c
35 — 15 55 4 19 9973.01 290
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Phys.Rev.Lett. 108,
032001 (2012)



Hyperfine splitting

Deviations from Center of Gravity of ,,; masses
AMyp = Mg + 3 Mypq + 5 My,5)/9

N 2 . |
EbE;E; %(1) z - 1 )51)\/1M€/>//2C } consistent with zero, as expected
b cCV/C

Ratio of production rates

spin- ﬂip @

b (Y (55) - hy(nP)xtr] ~ { 0.45 +0.080Y7 for hy(1P)
FY(5S) = T@S)ara=] — | 0.774£0.081022  for h,(2P)

no spin-flip @

Process with spin-flip of heavy quark is not suppressed

= Mechanism of Y(5S) — h,(nP) n*n" decay violates
Heavy Quark Spin Symmetry



Discovery of Z,
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Discovery of Z,

116 116 116 Y'(3S)
114 - (c)
"o "o “u I
~ N Q115 -
s 112 8 s L
0 (] (] L
) () ) [
~ 110 - .
o 3 o i
5 _E _E114 -
B = = -
F 108 = =
w 0 ©n R
— o™ ™ -
> 106 ™ ™ F
_ - o 113
) ) =) L
104 -
102 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 108 1 1 1 1 1 I 1 1 1 I 1 1 112 I 1 I 1 1 1 1 I 1
1 1.5 2 0 0.2 0.4 0.6 0 0.1 0.2
M (t'n), GeVv'/c M (n'n’), cev'/ct M (n'n), Gev'/ct
40 :I LI T T 17T T T 1 II LI I LI Il LI L I LI |: 80 :I T T 1 I LU I T T 11 I T T T1T7T I | L I LI LI II: 60 L T T T T | T T T T I T T T T | T T T I_
35 ‘ = 70 £ 3 - ‘ ‘ ]
oy E (a) ] - F (b) ] ~ 50 [ (c) -]
L - NU - - NU - E
NI ER 3 E ~ ]
Q o 1 % o ] % 40 - -
= 25 | = s S0 E = C i
o E ] E ] - 4
= 20 F 3 Y oaf E L 7
r ] ~ r ] ~ - 4
~ E ] E E C ]
o 15 = = 5 30F B bt a .
"é E 3 = E ] g 20 .
g 10F 1 5 »f 1 & :
] o 7 o ] 10 -
5 - 10 |- = C ]
:I 1 1 | 11 1 1 | 11 1 1 I 11 1 1 I 11 1 1 I 11 1 II 11 I: :II 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 I: C 1 1 1 1 | 1 1 1 1 I 1 1 nn.i 1 I:
Q|0.1 10.2 103 104 105 106 10.7 10. 0.4 1045 10.5 1055 10.6 10.65 10.7 0. 0.56 10.6 10.64 10.68 10.72 0.

M(Y(1S)m) __, GeV/d M(Y(28)n) _, GeV/c M(Y(3S)n)__, GeV/c

arXiv:1110.2251, accepted by PRL 8



Summary of Z, parameters

Z,(10610)
Average over 5 channels Y(1S)r'n e 3
(M, )=10607.2+2.0 MeV "™ [ 8 e
(T, )=18.42£2.4 MeV  YGSr'™ =+ |
h,(1P) . —~—
(M, ) =10652.2+1.5 MeV | ;
h,(2P)rn’ —e— ———
(T,)=11.5+2.2 MeV | |
Average -¢[- -f-
B T T SN [ B R TV R T R R
AM, MeV AT, MeV
Final state Y(1S)mtn~ Y(2S)nt 7~ Y(3S)n n~ ho(1P)n ™ hy(2P)mtm™
M[Z,(10610)], MeV/c> 10611 +4+3 10609 £2+3 10608 £2+3 10605 +2F3 10599755
I'[Z,(10610)], MeV 223+ 77130 242431730 176+£3.0+£3.0 11.475572] 137049
M[Z,(10650)], MeV /c* 10657 £6+3 10651 £2+3 10652+ 1+£2 10654+3F5 10651135
I'[Z;,(10650)], MeV 16.3+9.8750  13.3+33740 84420+20 209F533F21 947 tll
Rel. normalization 0.57 4+ 0.217919 0.86 £ 0.115% 0.96 £ 0.1470:98 1.39 + 0.377595  1.670:6+0-4
Rel. phase, degrees 58 + 431, —134+ 131" —94+ 1913} 18773215, 181790 o0
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Observation of Y(3S)2>Y(I1D)*nt™ Pl

> BELLE
g 20 —
w f ' Y(1S)[utuJetmyy final state
8175 [ _
§ : H After %, (1P)—=Yy selection
w 15 |
: Three peaks in MM(wt*r"):
125 [
' * Y(2S)
b3 «  Y(1D)
75| «  Y(2S)[Yrtm In[yy] reflection
5 |-
o5 [ An evidence of Y(1D) was
o | A seen in inclusive analysis of
: Ll 1 NI 1 MM(z*rt™) spectra

09.9 I9.95 10 I10.05I10.1110.15110.210.25';10.3'10.35'10.4
MM(x*1), GeV
B[Y(5S)-Y(2S)r*n] = (7.5+1.120.8) 108 (cross check) "’//‘%
S
B[Y(5S)-Y(1D)w*r] B[Y(1D)=»,(1Pyy=>Y(1S)yy] = (2.0:0.4:0.3) 104 &

statistical significance 9o 10



Introduction to n,,

Expected decays of h,
Godfrey & Rosner, PRD66 014012 (2002)

,(1P) — 9gg (57%), @ 1SI)(41%), 199 (2%)
,(2P) — 9gg (63%), @(1S))(13%), (1251 (19%), 199 (2%)

Large h,(mP) samples give opportunity to study n,(nS) states.

Experimental status of n,, Y(3S) = n(1S) y

MIn,(1S)] = 9390.9 + 2.8 MeV BaBar & CLEO
MDY(1S)] = M[n,(1S)] = 69.3 = 2.8 MeV

PNRQCD: 41+14 MeV Lattice: 60+8 MeV
Kniehl et al., PRL92,242001(2004)  Meinel, PRD82,114502(2010)

Width of n,(1S): no information




Search for decay h, =1, v <[>

+

Decay chain  y(58) -z oo «~—— truct
reconstruc

> h, (WP xr .
Use missing mass
— np(MS) y to identify signals

AIVlmissg_ﬂ:.l-ﬂ:- Y) =
Miss(t Y) — Mmiss(n+n_) + M[hy)]

- tuey | Approach:
ol o -'_.j}f;f:‘_‘;:',f: ::_; Gl E fit M, iss(:rc+n') spectra
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= search for n,(1S) signal
M(hy)

ny)
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Observation of h, =1, (1S) v <>

"arXiv:1110.3934

oo

} M [M,(1S)] = 9401.0 = 1.9 34 MeV/c?
AMyr [, (1S)] = 59.3 = 1.9 24 MeV/c?

(0))

I'n,(1S)] =123 fj.-g' f31_£1-5 MeV
potential models : I"' = 5 — 20 MeV

N
T T T T T

ik
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N

e - By oy B[h,(1P)=n,(1S)y] = (49.8 + 6.8 *1%5) %
AM__(n'1y), GeV/c Godfrey & Rosner : BF =41%
Y 2 Y ‘L‘ﬂ BaBar
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N.Brambilla et al., BaBar Y(Z S)
arXiv:1010.5827
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Bottomonia transitions via 1} meson

* Measurement of bottomonia transitions via 1) meson 1s important
to test 1ts quark structure.

* QCD multipole expansion model Kuang Front.Phys.China 1, 19 (2006)
predicts suppression transitions between bottomonia via | meson
with respect to di-pion.

* The measured widths for Y(4S) and Y(2S) to Y(1S)n are differ
from model predictions:

* Y(2S)=Y(1S)n 1s about 42 than expected

* Y(4S)=>Y(1S)n 1s 2.5 larger than Y(4S) =Y (1S)w*nt™ (orders
of magnitude large than theory)

* Therefore a new information on this process 1s crucial.

15
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Events/ 10 MeV

Events/ 10 MeV

Observation of Y(5S)2Y(1,2S)n Pl
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Summary

 Observation of h, (1P) and h,(2P)
Hyperfine splitting consistent with zero, as expected. Anomalous production rates

» Observation of two charged bottomonium-like resonances in 5 final states
Y(1S)n*, Y(2S)x*, Y(3S)n*, h,(1P)x*, h, (2P)r*

=10607.2 = 2.0 MeV =10652.2 = 1.5 MeV

M
Zp(10610) 1 _ 10 442 4 Mev —11.5+2.2 MeV

Z,(10610)

Masses are close to BB* and B*B* thresholds
Angular analyses favour J” = 1*

 Observation of hy(1P)—n,(1S)y
The most precise measurement, decreases tension with theory

* Observation of Y(5S)=>Y(1D)r*n~ o

« Observation of Y(5S)—>Y(1,2S)n ‘s
B[Y(5S)->Y(1S)n] = (7.3+1.6+0.8) 10 %,
B[Y(5S)>Y(2S)n] = (38 = 4 + 5) 10"
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Back up
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Integrated Luminosity at B-factories

(fo") asymmetric e*e” collisions
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e*e- hadronic cross-section

BaBar PRL 102, 012001 (2009)

o 0.6 N B T T T T
05 [ T SR T
'Y(1S) -
Ewf
:
e :
T [y Y(2S) :
ob :
L1 Yes) :
+§9 sL \‘\+ 4 *‘ “y Y(4S) C i Belle took data at
b [t b e M, UYL VL N 0.1} E=10867+ 1 M3B
COY(IS)  Y(2S)  Y(3S) Y(4S) - .
Sar o4 1001002 1034 107 1084 | 0% 108 R T T R T
Mass (GeV/c?) 2M(B) 2M(Bs) s [GeV]

e* e”->Y(4S) -> BB, where B is B* or B?

e* e”-> bb (Y(5S)) > BB, B®B®, BB, (B,"B,™,)Y(1S)ar, Y X ...

\_/\

main motivation
for taking data at Y(5S),
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Fitting the Dalitz plots

. — +
Angular analysis favors JP=1
2 N

A\ -
Y(5S)=> Z,n, Z,> Y(nS)r — no spin orientation change
Non-resonant heavy quark spin-flip amplitude is suppressed
Spins of Y(5S) and Y(nS) can be ignored

Signal amplitude parameterization:

S(s1,s2) = A(Z,,) + A(Z,,) + A(f,(980)) + A(f,(1275)) + A\r
Axrg =C, + C,-m2(sun)

Parameterization of the non-resonant amplitude is discussed in

[1] M.B. Voloshin, Prog. Part. Nucl. Phys. 61:455, 2008.
[2] M.B. Voloshin, Phys. Rev. D74:054022, 2006.

A(Z,) + A(Z,,,) + A(f,(1275)) - Breit-Wigner
A(f,(980)) — Flatte

23



Fitting the Dalit plots
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(Events/15 MeV/cZ)
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 Y(2S)mtor B
Results: Y( B
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(Events/5 MeV/c%

Results: Y(3S) o B
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Angular analysis

Definition of angles ~ 0.=/(m..e"), p=~[plane(m,,e"), plane(m;, 7,)]

Example : Y(5S) — Z,*(10610) =~ — [Y(2S)n*]

120

120

S

Events /0.1
Events /0.1

100

Events / 0.157

80 ]

60 5

a0k

20F

7 5 7 )
0 RN FAAAAAAY KAl Ll XL LA KL L AN

non-resonant combinatorial

Color coding: JP=@ 1- 27 2° (0*is forbidden by parity conservation)

Angular distributions are consistent with JF=17 for Z,,(10610) & Z,(10650).
All other JP are disfavored at typically 3o level.

arXiv:1105.4583
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Summary of angular analysis

All angular distributions are consistent with J°=1*

for Z,,(10610) & Z,,(10650).

All other JP with J<2 are disfavored at typically 3o level.

Probabilities at which different J* hypotheses are disfavored compared to 17

Z(10610) Z,(10650)
JP '
Y2S)mtn~ | T(3S)ntr™ | hy(1P)wtr™ | T(2S)mtw~ | T(3S)mt ™ | hp(LP)rn 7™

1™ 360 030 03¢0 3.70 260 270
2t 430 350 440 2.70

430 210
2" 270 280 290 260
Preliminary:

procedure to deal with non-resonant contribution is approximate,
no mutual cross-feed of Z,' s
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Description of fit to MM(n*n)

Three fit regions

x 103

2

103 Example of fit % 1400
o [ =
> L = :
% 5500 /T;::
%5000 " soof
4500 6002 1 - o
400f - |
4000 200 |
3500 o gfs 675 i 1'(3 1of:2§: 10\.52
MM(r*’), GeV/c
3000 BG: Chebyshev polynomial, 61" or 7" order
Sa2s5000| Signal: shape is fixed from u*wx*n data
5200001 “Residuals” — subtract polynomial from data points
015000 K< contribution: subtract bin-by-bin
S
10000 fé\ «f . -"~.4,_.":k|nemat|c , 12000
5000 E 1575 bOU ndary % 10000 | “Mwm
0 2 0.55:—: K. s ¥’ 8 ooo-l WM W /’Nﬂ“ | M,I.
I 0.525 — S generic "' s MW}\[ \

I
9.3 4000 ||
- 2 0.475 : L
MM(TE+TI:), GeV/c : i i
0.45 | o ':g%éi ) 2000 !
ozl Y(3S) ,
. ) . . E'.’E:' N ? 1 1 | ! Ly
. . - »+of0B.
0401 1015 102 1025 103 10.35 10.4 0.1 1015 102 1025 10.3 10.35 104

30
MM(st+7t-) MM(st+7t-)



Selection

Decay chain  y(55) — Zg L reconstruct
> hy (NP) " ‘7
> T]b(mS) Y

R,<0.3
Hadronic event selection; continuum suppression using event shape; =i° veto.

Require intermediate Z,,: 10.59 < MM(r) < 10.67 GeV

N

© [
> 12000
Qo [

M

© 10000

8000 | bg. suppression x5.2
6000 [

o H“i ..... }
R

. M 1 | N M k | M N |
10.4 10.5 10.6 10.7
MM(r), GeV/c?

Events /
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x 103

M_ .. (t"7") spectrum

requirement of intermediate Z;,

2000

1800 F

Events / 5 MeV/c?

1600 |
1400 F
1200 F

1000

15000

Events / 5 MeV/c?

10000

5000 [

10 10.1
MM(z'), GeV/c?

Update of M [h,(1P)] :

(9899.0 £ 0.4 + 1.0) MeV /2
AMyp [hy(1P)] = (+0.8 = 1.1)MeV/c?

Previous Belle meas.: arXiv:1103.3411

(9898.3 + 1.171Y) MeV /c?
AMyp [hy(1P)] = (+1.6 = 1.5)MeV/c?
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A Results of fits to M_....(7"n") spectra

BELLE

Yield, 10° / 10 MeV/c?
o

—_
o
L

RN
o

(&)
——T

(&)

L h,(1P) yield |
wl"
|'|W|‘

. " #fﬂlﬂ
' Y(2S) yield |
I

i

h""l

8.6 8.3 9 92 94 096 98

('), GeV/c?

mISS

“ Np(1S)

Peaking background?
MC simulation = none.

no significant

- l| m «/ structures
it mmmm '*'*i‘HW"'I‘Il””#H{“II‘ .......... /
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Calibration

Use decays B™ — X1 KM = (Jlp v) K*

Photon energy spectrum

~ 1
‘S’ 4} MC simulation
o 121
E 1of h,(1P) = n,(1S)y
(\I\ 8-—
©
= of X1 —> Iy
2 of cosOy, >-0.2
2f
O'::: .................

cosOp (%c1)> — 0.2 = match y energy of signal & callibration channels
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Calibration (2)

Resolution: double-sided CrystalBall function with asymmetric core

o0 Ldata
'AE s.b. subtracted H

150 |

Events / 5 MeV/c?

100 |-

50 -

% A P R R «
9.44 3.46 3.48 35 3.52 3.54

M(Jpy), GeV/c?

= Correction of MC
mass shift ~ —0.7 = 0.3 *22 MeV

fudge-factor

) 1.15 + 0.06 = 0.06
for resolution
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Heavy quark structure in Z,
Bondar, Garmash, Milstein, Mizuk, Voloshin Phys.Rev.D 84 054010

—&

Wave func. at large distance — B(*)B*

Zbl>=%0;b®lgq \flw@OQq ‘DI) Q‘)

)= 50,81, + 1,90, ;
Explains \
» Why h it is unsuppressed relative to Y7
- Relative phase ~0 for Y and ~180° for h,,
* Production rates of Z,,(10610) and Z,(10650) are similar
» Widths ——

Predicts
« Existence of other similar states

Other Possible Explanations
» Coupled channel resonances (l.V.Danilkin et al, arXiv:1106.1552)
« Cusp (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)
» Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)
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Coupled channel resonance?
|.V.Danilkin, V.D.Orlovsky, Yu.Simonov arXiv:1106.1552

7T Tl
Q ! Q !0
1 4Q) qQ)
T 7T T
n T < >_ n'
[1Q) 0D o ee
Q Q Q)

No interaction between B(*)B* or Yr is needed to form resonance

No other resonances predicted

j Z,(10610) j Z,(10650)
Yasyn - | B(*)B* interaction switched on =
Yesy'r | — + e individual mass in every channel?
Y(3S)n'n -4— _._ —-— _._
h,(1P)r'n —H —-—~ + —-—
h2P)w  |e—s = , _..—
1C)Al\/|,0|\/|eV10 1(-.)A]—,(l)\/lev‘m 10A|V|,OMeV10 10Ar,?\/|eV10
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Cusp?

D.Bugg Europhys.Lett.96 (2011) (arXiv:1105.5492)

. Line-shape
Amplitude P :
a G Int 1.5 (b)
1 i ImT L
T(5S) T(nS) 05 [ R 05 | ser
. I
'::'.'-71[_
-0.5 T -0.5 ' : '
10.58 10.605 10.63 10.64 10.66
Mass (GeV) Mass (GeV)
Not a resonance
~ ; ~
0.5 - E
-0.5 | |
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M~10.2-10.3 GeV

M~ 10.5-10.8 GeV

M~9.4,11 GeV

Tetraquark?

Ying Cui, Xiao-lin Chen, Wei-Zhen Deng,

Shi-Lin Zhu, High Energy Phys.Nucl.Phys.31:7-13, 2007
(hep-ph/0607226)

Tao Guo, Lu Cao, Ming-Zhen Zhou, Hong Chen, (1106.2284)

M.Karliner, H.Lipkin, (0802.0649)
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Introduction

« Anomalous production of Yrw+m-
and hyrt+m- in Y(5S) decays:

PRL100,112001 (2008) I'(MeV) 10.75F

T(55) — T(1S)rT 7~ 0.59 £ 0.04 & 0.09

T(58) — Y(2S)rt7r~ 0.8540.07+0.16

Y(55) — Y(3S)rtn~  0.527032 40.10 02 1030 f
T(28) — Y(1S)nt 7~ 0.0060

T(39) — Y(1S)rt7~ 0.0009 I
T(4S) — Y(18)r+n™ 0.0019 10251

. . . :
and observation of e*e=>h_ n*n~ by 10.00

CLEO motivated to search for the -
resonant structures in Y(5S) decays

* Large h, sample and high Br(h,)
-1,y allows to study n, properties

» Bottomonia transitions via n
meson can be used to test the
quark structure of Y states

11.00f

9.75 |

9.50 |

Y(11020)

Y(10860)

Bottomonium
family
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