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Bottomonium states

Belle I
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Below BB threshold states are well
described by the potential models

Above BB threshold states
demonstrate unexpected properties:

* hadronic transitions are strongly
enhanced (OZI rule violation)
* n transitions are not suppressed

compare to 11t transitions (HQSS
violation)

* two charged Z," states are
observed
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/o Bottomonium states
Belle I
Hadronic transitions from the states Z,* states masses coincide with BB* B*B*
below the BB threshold are described thresholds and decays dominantly to constituent
by gluon emission (QCDME): mesons:
Zy decay mode Branching fraction
w Z,7(10610) = Y (nS)/hy(mP)m™* T, A= 28%
Z;} (10610) — BT B*°/B°B** SN e
rES) [ T(19) Z,5(10650) — Y (nS)/hy(mP)mt 96,6 L%
: . Z;}X(10650) — B** B*0 7474%
Hadronic transitions from the states
above the BB threshold can be enhanced
due to BB mesons rescattering: This is a strong indication of the
Lol T(19) molecular nature of Z,* states
. PRL, 108, 122001 (2012)
T(55)
?T+
— -
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Belle I

Observed in the e*e - Y(nS) 1" 1T cross section energy
dependence by Belle JHEP 10 (2019) 220

Discovery of Y(10753)
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https://link.springer.com/article/10.1007/JHEP10(2019)220
https://iopscience.iop.org/article/10.1088/1674-1137/44/8/083001

- What is the nature of Y(10753)?
Belle II e Conventional bb state:
Y(4S) B'B B'B" BB, B.B. Y(55) EPJC 80, 1, 59 (2020)

| ‘ ‘ ‘ PLB 803, 135340 (2020)

PRD 101, 1, 014020 (2020)
Y(4S)

PRD 102, 1, 014036 (2020)
PRD 104, 034036 (2021)
PRD 105, 074007 (2022)
PRD 106, 094013 (2022)
EPJP 137, 357 (2022)

Y(3D) Y(5S)

1055 1060 1065 1070 1075 1080 1085 1090  10.95 * Tetraquark state:
Vs [GeV] CPC 43, 12, 123102 (2019)
PLB, 802, 135217 (2020)
* Far from the thresholds * Hadronic molecule with a
 Mass does not match Y(3D) theoretical predictions, small admixture of a
and D-wave states are not seen in e*e" collisions bottomonium:

PRD 103, 074507 (2021)
* Hybrid state:
PRD 99, 1, 014017 (2019)
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* Y(4S) - Y(3D) mixing can be enhanced due to
hadron loops


https://link.springer.com/article/10.1140/epjc/s10052-020-8194-1
https://www.sciencedirect.com/science/article/pii/S0370269320301441
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.014020
https://journals.aps.org/prd/references/10.1103/PhysRevD.102.014036
https://journals.aps.org/prd/references/10.1103/PhysRevD.104.034036
https://journals.aps.org/prd/references/10.1103/PhysRevD.105.074007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.094013
https://link.springer.com/article/10.1140/epjp/s13360-022-02538-5
http://cpc.ihep.ac.cn/article/doi/10.1088/1674-1137/43/12/123102
https://www.sciencedirect.com/science/article/pii/S0370269320300216
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.074507
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.014017

- Study of e*e — BOBM

AN

Belle I

« o(e*e - BYB®) has complicated energy dependence spectra, that hard to
describe with resonance shapes

« Rescattering and opening of the various BB thresholds cause oscillatory
behaviour due to the coupled-channel effect

_ _ JHEP 06 (2021) 137
* Coupled-channel approach is necessary to study o(e*e - BYB®) shape

Y(10753) BB* :ifuf::?aj-*.} | B* B*

200 - Y(10753)

200 200

Cross section (pb)
Cross section (pb)

Cross section (pb)

100 100

...............

10.6 107 108 10.9 11 : : j _
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https://link.springer.com/article/10.1007/JHEP06(2021)137

= Global phenomenological analysis

Belle IT Data:
L

b BB 4 (b) B*B 200F * Two-body exclusive cross sections
5 201 ¢4 16l o (e*e' — B(S)(*)E(s)(*))
¢ 100 L 100¢ )
2f \1 " a0l * Three-body exclusive cross
0 E .
10.8 : 11 2 O 10.8 11 n2 % 108 71 7. Sections
o 150F 4 o(e'e - Y(nS) '), n=1,2,3
: 100} ) o(e*e - hy(mP) T*1T), m = 1,2
sof . | « Combined Belle and BaBar Ry
:8-: ok 108 11 T2 " 10.8 11 e 108 11 11.2rneas_;urernent
o : * Using coupled-channel approach.
5 A Poles: Y(4S), Y(10753), Y(5S) and Y
(6S) )
o , | ok . , : , , * Results: pole positions (mass and
10.8 11 11.2 - 10.8 11 1.2 10.8 11 112{,V|dth)’ branChlng fraCtlonS, energy
1500 aoof dependence of scattering amplitudes
1000;- oool A
S00% PRD 106 (2022) 9, 094013
0 0

L " m L L
10.58 10.6 10.62 10.8 A 11.2

Vs (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.094013

- Requesting more data

—

Belle I

* To study Y(10753) nature
* Improve accuracy below Y(5S)

80 5
B
* Perform energy scan at the Belle Il experiment &
20 {. 'l’
ol ; . i
* Two Belle Il results will be presented.: 10.8 11 .2
e*e - WXw(1P) (b) B*B
e‘e’- BB, BB"and B'B’ - $
10 d W
¢
- 10.8 11 1.2
Vs (GeV)
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Belle 1

SuperKEKB collider

KEKB

* Asymmetric e*e” collider  tum X
« Energy limit 11.02 GeV (up to 11.24) ™"
* Luminosity goal: 6X10* cm™s™ SuperKEKB

Belle II goal: collect 50 ab™

KEKB SuperKEKB .
parameters LER HER LER HER s
Beam energy Eb 3.5 8 4 7 GeV
bg 0.425 0.28
¥ o Y+ Half crossing angle ¢ 11 x20 41.5 mrad
2er, Beta functions at IP | Bx /By’ @00/5. - @D mm
Beam currents lb 1.64 1.19 ——bb 2.5 A
Very strong vertical focusing at the interaction point Luminosity L 2.1x10% 6.5x 10% cm#s

24-30 August Lomonosov 2023 9



- Belle II detector Y.

il f and muon detector (KLM):
( . RRGH(barrel outer layers),
” scintillater + WLSF + SiPM
end. capsilinner 2 barrel layers)

|

.
.
q
L]

EM Calorimeter (ECL):

Csl(TI), waveformgsampling

NN

el,
Ctrong S 0| 15T
: el . superconductive
tBerylllum beam pipe: iy

2 cm diameter

Vertex detector (VXD):
2 layers DEPFET pixels,
4 layers double-sided

silicon strip detectors
L

/

4 * Particle Identification:
7| Prox.focusing Aerogel RICH

Particle Identification:
Time-of-Propagation counter

He(50%):CoHes (50%), small cells, long
24-30 August lever arm, fast electronics

Central Drift Chamber (CDC) J

omonosov 2023 10



i Data taking status N

Belle I 06/07 23:59:36 - 06/08 23:59:36, 2022 |ST
Lpeak  4.653 x 10%* cm™2s™! @22:58.080608 MER lpeak 1127 mA  n» 2240 B;/B, 60 /1 mm
Belle 1l Online luminosity Exp: 7-26 - All runs int. c/day 1253 / 1681 Pb" LER lpcak 1405 mA My 2249 Bc/B) 80 /1 mm
17.5 4 Integratedlum|n05|ty .............................................................................................. 12002_ 100 C 10t
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D 1.5 e b S - 200 E E 600 40% §
g o = 400F 20 07 &
© = 200
o = oE— 1072
£ 100 5 TSE : >
= = LE —80 &
[15] w t
b= h 41—“& x ;‘- er“-_,\“\:. Fomgsimiasl) '&-ﬁ’g‘ m s B
= 3 x
3 2F |-l - - ; - 40 g
- - .' | | ~
0.0 - -0 %1 L4 e 1o ji » el NPLE I d0 &
w F luminosity ] i W Y ¥ig
()] e = A LE L & S § S /B 5 X P |
Q\W 2000 3100
RSSSRSSES b 1500F - - J80 ¥
o = 1 =
Date Updated on 2022/06/22 18:14 |ST % 10002_ /‘/_/\’_/" . _;50 g
il [ - B —
3 : 34 2c-1 g i : q40 g
* New luminosity world record 4.65 x 10°* cm™s S 500} — deivered — T -
= recorded 1

e Data taking efficiency is achieved almost 90%. 00::00' —33:00 06:00 09:00 1200 1500 18:00 21:00°

2022/06/08

Collected more than 400 fb'. HER: Baking Run

LER: Baking Run
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i Data above Y (4S)

Belle I

Y(10753) state was observed by Belle in the analysis of the e*e' - Y(nS) t*rt (n = 1,2,3)
cross section energy dependence JHEP 10 (2019) 220.

3. 5;"‘fb 1.6/tb 9.8/tb 4. 7f!fb ].2 T T T T T T T T T | T T

» = Belle .
_ L " 10"l Bolle 2L =

8 -

6 =
3 47 fo1

A 3.5 fb! -

NS N A | I _ |
/1 Nk \\ 2 1.6 fol c

RS RIS 1A, Y PR PTG AT, I 1860 10.65 10.70 10.75 ~10.80 10.85
105 10.6 10.7 10.8 10.9 11 Em [GeV]

E., (GeV)

s(Y(2S)n'n) (pb)

Integrated luminocity [fb™!]

* Belle Il collected 19 b around Y(10753) in the gaps between Belle energy scan points
* 9.8 fb?is taken near Y(10753) peak

24-30 August Lomonosov 2023 12


https://link.springer.com/article/10.1007/JHEP10(2019)220

Observation of Y(10753) - wyui(1P)

Belle I

sl -®- Belie Il data Belle I, 1.6, 9.8, and 4.7 fb™ ]

w(— mra ) a A= Belle data 15 o

Q. . ~ & ] D_

/ e | L (& — Total fit . 2 s
T ). et i~ 6 »  ===: Solution | :4 N
— %ﬂ 0 =+ Solution I 1 ;éq':
/ I it ] T

XbJ @ 2o
\A Q2 2 1, ©

=il g : ; i1 o

Y(1S)(—ete /utp) 0' CememasiRiaaniy O E T Ch ittt REAL LI -i--:.'.i-ID
j . 10.8  10.85 107 1075 10.8  10.85

* Significant signals are observed in WXy, final states /s (GeV)

* Confirmation of Y(10753) and observation of its new decay channels
* Order of magnitude difference is observed for this ratio at Y(5S) and Y(10753) indicates the
difference in the internal structures of these two states:
o(ete™ = xps (1P)w) < ~1.5at+/s = 10.745 GeV
o(ete= = T(nS)r+r=) ~0.15 at+/s = 10.867 GeV

24-30 August Lomonosov 2023 13




=4 Motivation for Y(10753) — @nu(1S) / Xo(1P)

Belle I
* Tetraquark (digquark-antidiquark) interpretation of this state predicts enhancement of
Y(10753) - nu(1S)w transition: CPC 43 (2019) 12, 123102
I
(o w) 44
(T ntn—)

* Since nw(1S) does not have easy for reconstruction decay channels, we reconstruct only
w - Tr'TrT? and use its recoil mass to identify the signal:

Mo (ntar a0 =4/ (=2 = ) _ [
ol (177 ) \/( o ) <C>

* e*e” - WXno(1P) transition was not observed due to B[xw(1P) - Y(1S)y] = (1.94 £ 0.27)%;
In charmonium sector Y (4220) - X.ow decay was found to be enhanced compare to
Y(4220) - Xc120w0 by BES lll: PRD 99, 091103(R) (2019)

24-30 August Lomonosov 2023
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https://iopscience.iop.org/article/10.1088/1674-1137/43/12/123102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091103

=4  Y(10753) - o (1S) / exwo(1P) results

Belle I
= E . .
1 2 40000f —— Data Preliminary
-  po S : © 35000 — Tofalfi
2 120b- No significant signals % E —n,(19)
o - T 30000 ... n.(18) UL at 90% CL
2 100 are observed, S os00f
L;:‘fj 30; Pre[iminary 90% C.L. upper I|m|tS fgggg;_ I
I —e— Dat = elle 1, 9.
BOE —T:t; fit Belle II, 9.8 fb” are set 10000 /s = 10.745 GeV
40: — %, ,(1P) Vs = 10.745 GeV 5000
20 -~ %,,(1P) UL at 90% CL ) Dt i i i
> 0F = 4002
V] o [
UE.j 1000:— % 200F
2 sof- : E 0
2 01_ This result do not support™ |
= the prediction within the ok
U tetraquark model i
e CPC 43 (2019) 12, 123102 o2 925 53 935 04 945 95 095 06

976 9.8 082 084 986 988 9.9 992 9.94 : 2
Mr (vt TI:[}) [GGVJ"CE] IMreccriI(TI:H.I: EDJ [GGV."’C ]
ecoil

[ (1P)] < 8.7 pb ale*e” - wNy(1S)] < 2.5 pb
ole'e” - w _
" P JHEP 10 (2019) 22: o[e*e” - Y(nS)m*1t] ~ 2.0 pb
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https://iopscience.iop.org/article/10.1088/1674-1137/43/12/123102
https://link.springer.com/article/10.1007/JHEP10(2019)220

B Reconstruction of e*e — BOBM

Belle I AE'vs M, __atE_ =10.746 GeV

* Previous Belle analysis: JHEP 06 (2021), 137 =
& o1 |®
LLJ
<

Belle I

* One B meson is fully reconstructed using hadronic
channels;

« B* - By decays are not reconstructed; 0.05
AE =FEg—E_ /2 0
AE = AE+ M, — myg
-0.05
* |AE'| < 18 MeV;, Signal is identified using beam _
constrained mass: 01k
M =\/E2 /4 — p2 52
be cm Pp M, [GeV/c?]

24-30 August Lomonosov 2023 16


https://link.springer.com/article/10.1007/JHEP06(2021)137

i e*e » BMB® signal yields

Belle 1
= i o R | g
é' i ) g i l |I| E l E i t':_' '(h
£ 60 Preliminary ||HJ| E | Preliminary Li|l W g 100_Pre|iminary | | § eof Preliminary iJh .- |
| | ol [ . | ] = I:'r"; [/
40 - | {{’I | BB ; h Il‘ S BB'ﬂJi ‘H }i}- i'} {:45} ISR 40 BB| } i E Y(4S) ISR
ol bl sor JUE N Tl SRREY 17 S YT e
"Wl W ittt b bt W20} =g F— i
gb i v gt '}j -'".'||.'f' B W ol - : NP 0 e . i
i \H AR ] o | il oL |H ”| I
R T AT Ll n kbbbl 4 b
S Rl [!g AT oy e A
%2535 Y 5 '|5‘|25i 5J3] = 57 %3 5.25 53 535 54 3 52 53 S ]

\ - [&y | | | Mee [Ge;.-"!cz] ‘ ‘ ‘ M,, [GeVic?] My, [GeV/c?]

* Good description of the My in data

 Contribution of Y(4S) - BB production via ISR is visible well described by the fit

« E=10.653 GeV sharp cut of the data at right edge = fast rise of B*B* near threshold
24-30 August Lomonosov 2023 17



- e*e’ = BOB®™ cross section

Belle I

. : g 01
Confirming previous Belle result: S i l ¢ Belle BB
- Solid curve — combined Belle + Belle Il data fit  § i | ¥ Belle Il
* Dashed curve — Belle data fit only 4 {
oL

o(e*e - B*B*) rises rapidly above B*B* threshold:

e Similar behaviour was seen for D*D* cross section | i
PRD 97, 012002 (2018)

I P 159 B
* Possible interpretation: resonance or bound state _' j V\/T{%J

(bb or B*B*) near threshold MPL A 21, 2779 (2006) o
* Also explains a narrow dip in a(e*e" - BB*) near :

e D *
Preliminary BB

-~ 0.2fF B*B*
B*B* threshold by destructive interference between |
e‘e'-» BB* and e*e' - B*B* - BB* 0.1k /M
* Y 't and hyn final states could also be enhanced ; ki
PRD 87’ 094033 (2013) 0 — _z | ..... e s e e A
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012002
https://www.worldscientific.com/doi/abs/10.1142/S0217732306022195
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.094033

W=y Studyofe'e—~Y®mS)m'm (n=1,2,3)

Belle I

* Previously Belle observed Y(10753) using combined fit of e*e - Y(nS) 't (n = 1,2,3) cross
section energy dependencies with 5.2 o significance JHEP 10 (2019) 220.

* Belle II: Y(10753) is observed in the Born cross-section of e*e - Y(1S,2S) mt*1r, while no
evidence is found in e*e - Y(3S) 't channel.

580 10 o 08¢
E _— 60F . . .
35F Belle II, 9.8 " Preliminary - Belle 1, 9.81b" Preliminary|  °F gele 1, 9.8 Preliminary
~,30F TrY(1S) at 10.745 GeV ~,50F 7ny(2S) at 10.745 GeV ~,14F 7ryY(3S) at 10.745 GeV
= - >12fF
225:_ 240:_ =10k
o o B o g
E15F Bk =4
: S0f e & \
w0 w r L 4F
sk 4 10F o B
:I!I.. P = T A= rel IR T T W AR R G
12 125 13 1.3 065 07 075 03 035 04 045
AM GeV/c? AM GeV/c? AM GeV/c?
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https://link.springer.com/article/10.1007/JHEP10(2019)220

W=y Studyofe'e—~Y®mS)m'm (n=1,2,3)

Belle I =
* The hint of the Y(1S) "t enhancement at g N Emae
the Ecw= 10.653 GeV could correspond to the f == ‘% !
inelastic decay of a molecular (B*B*) state. \
* No signals of intermediate Z,*(10610) or : . e
Z,*(10650) resonances are observed. o2 TEEL PP P
* Confirmation of Y(10750) : 'F y uialoen H’
: g ‘CPreliminary
16 | ~ Preliminary ol ~ Preliminary a e ;
‘}2 1af Belle 11, 9.8 fb ‘“2 Belle Il, 4.7 fb 7 .
E 12| TY(29) at 10.745 GeV g 8l anY(2S) at 10.806 GeV Uj, T
o 10 — g &l 35 é—
? 8 i E ’ E— - mn¥(38) at Bolle
% 6F _:-:j i = § N E_ - aTY(35) at Belle I
| N ™
3 | I g Iﬁé—-
i . o R _L— L - MR I [ — l—. g 1;_ ’
0.3 0.4 05 06 0.3 0.4 0.5 06 CHg i =
AM, [GeV/c? AM, [GeV/c?] " ;

Ce nter of-mass energy [GeV]
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- Conclusion

Belle I Golden Modes

Observation of e*e - wXps(1P) at Vs = 10.75 GeV ce” o ?T+7T‘_'I”‘(1)S)H _.é'+_€‘)
« ole*e - WXw(1P)] has a peak at 10.75 GeV BB de(:ompomtlonj Preliminary|results
i / i . . T Dalt:

;h(;r(])rr:glr;natlon of Y(10753) and observation of its new decay , '{/b = w}j(‘l g) ] T
) PRL 130, 091902 (2023)

Search for e*e” - wn,(1S) | WXw(1P) at Vs = 10.75 GeV \ :fh_e}r“i\)fgégp)

* No significant signals are observed Sy +ﬁ_}{ o ——

« The upper limit on the Y(10753) - nw(1S)w cross-section 4 i

: .. Y, — nX (inclusive
contradicts the prediction of the tetraquark model YZ ik ?;T(iS_, 28)(—3 0+ )

Energy dependence of e*e—. BB, BB* and B*B* Y, = n'Y(1S)(=s £+2-)

» Confirmation of “oscillatory” behavior, improvement of the | y, , v(19) (inclusive)
accuracy _ | Bronze Modes

* Rapid rise of o(e*e - B*B*) above threshold - sign for Y — 10

molecular B*B* state? Y, — 7070 (pS)(— €+47)
Study of e*e’ - Y(1S)mt'tt (n = 1,2,3) Yy, > KK(¢)Y(pS)(— £147)
* Y(10753) signals are observed in Y(1S,2S) 't channels | v, — 7%°X (inclusive)

* No signals of intermediate Z, resonances are observed Y, — %X (incl. or excl.)

* The hint of the Y(1S)mt* it enhancement at the Ecy=10.653
24-30 August Lomonosov 2023 21
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