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Constituent Quark Model

mesons are bound states of a of quark and anti-quark:

7' =ud 7’ = %(uﬁ—dc_l) 7 = du 7w =du
K'=us K'=ds K'°=sd K =su

baryons are bound state of 3 quarks:

p=uud n = udd A = uds
p=uud n=udd A=uds
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¥’ Quarkonium Basics
¢, b -quarks are heavy: velocities are small:
m_~ 1.5 GeV ~1.6 m,;
m,~ 4.5 GeV 4.8 m_; non-relativistic QM applies
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Classification of ¢c and bb levels is the same as in positronium: L, S, n,:
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Relativistic effects for low excitations are small

confinement
chromoelectric tube

asymptotic freedom
one-gluon exchange

DD string breaking

PC
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Y(3S) >Y(AS)n*n 2. +0.2
Y(3S) >Y(2S)n*n 1.3+0.26
Y(2S) >Y(1S)n*nr 9.3+0.9
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Y(5S) »>Y(3S)n*n~ 580 + 150

JHEP 1910, 220 (2019)

25+ 4o 3@ 3p 3p 3p 1D 31 3n 3 N ?

110(')—(; S, s, °P, °P, °P, 'P, °D, °D, °D, 'D, *2,
‘g Y(5S)
>
g 10800 Y5(10750) =
$ 10600 g Open flavor threshold ~"**"&
o a—=a ] Z;"(10610)
= 1os(3P)

10400 -

ﬂb(gs) N )—'—| [ - |
10200}

10000/= {_F

| ] ]
Kua(1P —&
121P)(1P). — 1py Pe(1P)

12 2P) 1, (2P), op) (2P),

i

| —
Y(1D) Y(1D,) Y(1D ) n,(1D)

9800
B Established (pre-2000)
9600 m Neutral States
— ‘.L B Charged States
9400 %':(:SJ)W S) ] Theory
9200 OI-+ l 1|" |2-Il-+|14[~+[0-|l-+| 1'I|" | 31" l 2|" l 11" l2I--I-| 4)|9 |JPC



I | IIIHIIIII‘HHI

PR

|||||||||||||||||||||||||||||||

T hed T,
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PRL 108, 032001 (2012)
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Energy dependence of g[e*e™ — hadrons]

CUSB PRL54,377(1985)
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BaBar 433 fb! + Belle 711 fb*  Study rare B decays and CP violation

e*e- — Y(5S) — BB, BB*, B*B*, BB*r, B*B*r,
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Belle 121 fb'l -
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hb reconstruction N

Y (5S)
- . h (nP)
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Events / 5 MeV/c’

Observation of h,(1P,2P)

e'e" — Y(3S) —» reconstructed, use M,iss(n' )

\/(Pe+e- — P7t+1t-)2
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AM,-(1P) = +0.8 + 1.1 MeV consistent with zero, o5 (15) D)
AM£(2P) = +0.5 + 1.2 MeV as expected JPC=0™ 1t (0,1.2)

Large h,(1,2P) production rates

c.f. CLEO e*e —» y(4170) - h, n*r
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= Observation of h,(1P,2P)

Events / 5 MeV/c’

e‘e" > Y(5S) —» hb(nreconstructed, use M ico(m' )
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AM(2P) = +0.5 £ 1.2 MeVas expected JPc=0 1+ (0,1.2)"

Large h,(1,2P) production rates

c.f. CLEO e*e > y(4170) > h.n*n=  h,(nP) decays are a source of n,(mS)
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</ Observation of h,(1P,2P)—> n,(1S) y
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</ Observation of h,(1P,2P)—> n,(1S) y
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B First evidence for n,(2S)

BELLE

ete—>Y(55)—h, (2P) T Mizuk et al. Belle PRL 109 (2012) 232002
= M,(25) Y AM,£(2S) = 24.3 *49 MeV
First measurement
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['(2S)=4+8 MeV, <24MeV @ 90% C.L.
expect ~4MeV

Branching fractions _ +5.6 0 Expectations
BF[h,(1P) & ny(1S)y] = 49.285.7735%  41% Godfrey Rosner PRD66,014012(2002)
BF[h,(2P) — np(1S) v] = 22.343.8"31% 13%
BF[h,(2P) — n,(2S) y] = 47.5£10.5%%8 9% 199

~7.7

c.f. BESIII BF[h,(1P) — 1n.(1S) y] = 54.3+8.5 % 39%
16



<2 Anomalies in Y(55)—(bb)r*n~ transitions
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< Rescattering of on-shell B®B® ?

T(25)

Belle: PRL108, 032001 (2012)

o gQ™  expect suppression ~Aqcp/M,

@@Q\Q @ H Wetry

Y(5S) » h,(1,2P) n*x~ are not suppressed

JPC = Q0+t

1--

1-+

h, production mechanism? = Study resonant structure in h,(mP)r*r"
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Resonant substructure of Y(5S) —» h, (1P) n*n

P(hy) = Pyssy — P(n*n) = M(hyn') = MM(n) = measure 1(5S)—»h,zzyield
In bins of MM(7)
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(Events/10 MeV/c?)

< Resonant structure of Y(55)->(bb)r*n

Y(5S) - hy(1P)n*m

. no non-res.
L contribution

N
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= 15000 f
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T 12500F
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Two peaks are observed
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Z,(10610) and Z,(10650)
should be multiquark states

Dalitz plot analysis
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92}
o

(Events/5 MeV
B
S

20 |

RICE) b {CD)i

F—»

10.55 10.6 10.65 10.7

Y(SS) —>Y(3S)Tc -

1] 0 + } =+ 11 1]
10.7¢ 10.58 10.62 10.66 10.70 10.7¢
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Anomalies in Y(5S)—(bb)r*n~ transitions

11.00 —

10.75[—
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Y(11020)
Y(10860)

Belle: PRL100, 112001 (2008) _10
I'[Y(5S) —>Y(1,2,3S) n*w] >>17Y(4,3,2S) —>Y(1S) wtr]

< Rescattering of on-shell B®B® ?

T(25)

Belle: PRL108, 032001 (2012)

wo Q% expect suppression ~Aqcp/My,

@@Q\Q @ H Wetry

Y(5S) » h,(1,2P) n*x~ are not suppressed

1-+
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Heavy quark structure in Z,
A.B. et al. PRD84 054010 (2011)

Wave func. at large distance — B(*)B*
1 - - 1 .
‘Zbl>:_20bb®1oq_ﬁlob®0(gq
7\ _ 1 o1 1 - B
‘ b>_ﬁ0bb ]-Qq-l_ﬁlbb OQq

Explains
 Why hyntrt is unsuppressed relative to Yt
- Relative phase ~0 for Y and ~180° for hy,
» Production rates of Z,,(10610) and Z,,(10650) are similar
« Widths —'—
« Dominant decays to B(*)B*

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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- 3 212000 Qy7500f
s Sg - qu.».‘l “10.= 105 104 106 309 L.:.T ,.J%OOOO- hp(1P) %15000' hy(2P)
a400 = I = 8000 312500— L
Large rate to fall-apart modes observed Y § so0of e
D 4000 J W 7800} .}
i R* Q*Q* 2000f 7 '1' _I_ ’h_ - 5000 |
» Likely molecular states of BB*, B*B O_IHHH Ty 2500
+ Tightly bound diquark tetraquarks aoofl T T . ) IR
10.4 10.5 10.6 10.7 10.4 10.5 10.6 10.7
M[ hp(1P) 7*] M[ hyp(2P) 7*]

Z +0 states in bottomonium

Charged and neutral
| C=1*

Masses near the BB*, B*"B* thresholds

Y
r 115+ 2.2 Y
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More near-threshold states:
+0 . +  Expected from Z, states and
many of Z."" charmonium states Heavy Quark Symmetry

Masses a few MeV above the DD*, D*D* thresholds Y

Z,(4020) JP(C)=1+0) Y
e DD | AM=+TE2 MV - 13 45 VeV Y (established only for Z,(3900))
Z.(3900) %1+ 26

— e AMy=+11£3 MeV 1z

4200 |

BO0F 35, T

_ )
'2180— Large rate to fall-apart modes
B 1 ['|Z.(4025)—= D* D*|
4 £ (A
’ ITZ.(4020)—7h,] 9
3400} I Z(3900)—=DD" ,
_ 0000) || r el = 62 % Ll £ 275
M, GV
- o ——ria NL‘. g:l:- Nu1m_
3 52 1 Z,(3900 s Z.(3900
= . E1 lg &]- Egh ‘ } ( ] 2 ank VH { )
3000 |1 ISD $ 3 % | o : Charged and neutral
E uf g | MK MW 8o | * versions detected / =1
» w - L o
| je @ $65 550 355 400 405 410 41 TRy TR Z,(4025)
Large non Znm component is = T MDD eI MDD (Gevicd) R
N e — n 4 1.
observed in the Y(4260)->hn'n (also seen by Belle) L !

amplitude. Molecular states of DD* D*D* ?

Diquark tetraquarks ? e

No sign of Zc(4025) decay in DD*
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M.Voloshin,
PRD 84 031502 (2011)
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Belle's experience showed that the data collected above Y(4S) is
important not only for the study of highly excited bottomonium, but also for
the search for exotic states and states of ordinary bottomonium that have
not been observed before.

Energy scan took place Nov. 10 -29, 2021

10 —
- lBelle
S 8 I— Belle 1l
0 B
—— B
= 6
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o —
£ LI
& B
- |
— |
2._
—l L Il l_l 1 Il l_l 1 II l 1 II 1 I. L II 1

0
10.6 10.65 10.7 10.75 10.8 10.85
Center-of-mass energy [GeV]



Y(10750)

Scan points: ~1 fb-1 each
1 point “on-peak”

2-3 points in the region of interest

Total significance: 5.2s

o(Y(1S)n" 1) (pb)

o(Y(2S)n' ™) (pb)

o(Y(3S)n" ™) (pb)

JHEP 1910, 220 (2019)

I ST ST N T S ST S S [N N N T N T TN T NS T T S |
10.5 10.6 107 10.8 109 1"

Y (10860)

Y(11020)

M (MeV /c?)
' (MeV)
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10885.3 £ 1.5 752

+4.5 +0.5
36-6_3.9 _]“1

4.0 .
11000.0732 +1-

+8.0 +0.
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7
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visible cross section, pb
-t -t
© N » O OO O N

1
N
1

10.6

o(Y(2S)n" ) (pb)

n
T T T

— A.Garmash, BAM, June 13-14, 2019

- A1, INClusive production  unpublished

T
i ....... - %HL{N

—1

10.65 10.7 10.75 10.8 10.85 10.9 10.95 11 11.05

Y(5S) 5>Y(2S)r'n H

i
]

1201

Nsig= 564129
peak =434.6+1.0 MeV

100—

4
I Hd
A

0\||\+ sl by N '+ M“-I\\l\
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M(ppy) — M(pp), GeV

Same mixture of ¥,
and ¥, signals as in
Y(2S) decays

Y(AD)m* - and  X,w[mrrT 1]
modes combined can explain
no more than 60% of the
observed x, signal at Y(5S).
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visible cross section, pb

-2

I S 1,‘ F S — . Hﬂj
P N T I T T ST I S
10.6 10.65 10.7 10.75 10.8 10.85 10.9 10.95
Energy, GeV

The ee™ — @y, » cross section peak at Y(10753)

— A.Garmash, BAM, June 13-14,

: Xle/z Inclusive production

2019

11

while no obvious peak at Y(10860) is found!

11.05

o(e’e—wy,_) (pb)
O oMWk owoo

o(e’e—wy,_) (pb)
C}I_L [\*] w -Flll [8)] Imlll“-‘-l

arXiv:2208.13189

Belle IT

- Belle |l data
-+ Belle data
— Best fit

----- Solution |
... Solution I

&, Ne_y?ndf = 0.5/1

7
" ok 'TIIIL L]
anaidi wemnepna ety gy

'.""'."'I'".'M."".-.l L '-'..‘". Sepmapannnnninnidididad
7 10.75 10.8 10.85 10.9

's [GeV]

e i

10

Belle IT

-+ Belle |l data
-+ Belle data
— Best fit

« Solution |

. Solution Il

1075 108 1085  10.9

's [GeV]

g

Why two neighboring bottomonium (mass difference 110 MeV) with the
same quantum numbers are so different in their properties? What
distinguishes them in nature?

28



Croes section (ph)

Belle measurement of ete- — B®B®)

JHEP 06,137 (2021)

— | 2 — cl
D B B 5 E BBx 5
5 2
s00H | 4 200f i 2 00l
[} E 'II l &3
00 | ool 100
0 = 0 0
B T -3 1 B TV ¥ S T} R §
E._ (GeV)

« Oscillatory behavior

« Positions of minima roughly coincide with Unitarized Quark Model
prediction: Ono,Sanda,Tornqvist PRD34,186(1986)
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Combined analysis of Belle scan data

Hisken, Mitchell and Swanson, arXiv:2204.11915

. 0 BE BBBB BB, BB

TR2S)r 7, T(3S)r 7, hp(1P)n 7w, hp(2P)x ™7 E ?

Channels considered: BB, BB*, B*B*, BB}, T(1S)x 7,
_|_

B*B
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—1100F
% :
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s a— T . ..
= YOI o, ® Pole positions
L Y(28)rta~ L R =
Y(18)rta [T SR g . .
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o I et e Energy dependence of all
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Method

S 0.2fF
3 ) MC at 10751 GeV
in]
<
0.1F
O ¢
0.1
02 = | | L |
5.2 5.25 5.3 5.35
My, (GeV)
> L '
S Oiainndida s
& _sideband
S EEaamiaaaean o/ L SIUEUING
F005F S :
0 4
= e
a4 o E
,0_05:_ i
0.1 F S
R, I S ]
52 5.25 53 5.35
My, (GeV)

® Reconstruct one B meson using custom FEI.
e Use M, distributions to identify signals.
E, — Beam energy

P —Measured B meson momentum

AE' = AE + M,, — 5.28(GeV)

Py ~ \/2M(E, — M) B* - By
Py - 0(Pg)
o(My.) =
’ Mbc
é 800:

600
400

200

.
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Events/ 2 MeV/c?

Events / 2 MeV/c?

Be

le-Il ete- — B*B* measurements

200 -

- 10745.74 MeV

150 |- ” N*
100 | BB l '
Hﬁﬂh ‘wm ”}} *‘ f ras)
50| WA e
]f++ +1++ ++++H+ +++}Jr+}+ﬂ n #.}Hr {ﬁ} ....... ++'FM
n (I T T Y T T T Lo i |
' 10652.74 MeV B*§
80:- Bé- |
60
s0F
I BE
20 Lt .
|| ER S - T ...TH...u: :-:'TT"};""::' 1A TN P T(45) ISR
95 522 524 526 5b8 5B 53 534
M, (GeV/c?)

(first preliminary res

ults)

: :ong:i: et al. Cl

bC44, 083001 (2020)

-
©
0
0

0.1

l
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|
10.65

|
10.75

10.55
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E.. (GeV)

2Mg++ =10649.4+ 0.5MeV
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+ . . .
€ Particles scattering with angular momentum ¢

in the rectangular spherical potential hole
U(r)=-U, for <a and U(r)=0 for r>a. In our problem BB pair
Is produced in a state with an orbital angular momentum

Y(nS) 1™~ =1

e- B Schrédinger equation inside the potential hole has the form:
d? A21(1+1 1
= u(r) + %(E— % — U) u(r) =0,where  k = E‘/ME’ u(r) =kr¥

Milstein,A.,Salnikov,S.Phys.Rev.D 104 (2021) 1, 014007

ar K== E+U Ka==./ulU
dﬂ r->0 h\/'u( * ) ° 2

u =5300MeV,a =1fm

Wyga.u.




“e0.05 [

BE ' Belle + Belle Il fit

To verify the
existence of a B*B*
bound state near
the threshold, a
detailed scan must
be performed in this
energy region. We
can also expect a
significant violation
of isospin in the

Cor e e ] near-threshold
region.
Dong et al. CPC44, 083001 (2020) 8
2 _—B‘.E:B 11 BEB* B?B E 85-:5;5 Bsﬁ: .BE’{‘ 85 (TbE
S A O R opE + OBE~ T TB-B~
- i { i i BB Ui BT B™
I Y L
IR A
osf Ll i
- IEF ’?ﬂ :9-- 51%19. Isﬁ:ﬁ:a .ﬁ:m ;?qﬁﬁﬁﬂiﬁﬁzﬂi?;f T
W R SN I S =
o 10.6 107 108 ETR:} 17 EETEE EEN-3
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Necessary to look for hadronic transitions to the bottomonium ground states

Yo=1"H® O**SLB,yp,; =1"H®R 1**SLB , p,, =1"H Q 2**SLB,
and Yy, =07"H ® 1*"SLB ("SLB” - in the limit of spinless b quark states)

State Decomposition into bb spin eigenstates M.Voloshin,

BE Evr o+ Ly + ;:;_? o+ Lo PRD 85 (2012) 034024
BB* = 10+ 31— q{;— 2

(B*B*)s=0 —§ %10 — 35 Y11 — Y5 4 + L2 4oy

2 V5 _j NI
(B*B*],S:E TJ‘ "I'_,f.r"l|_‘| — :.j..u"ﬁ -'||‘._:|11 _|_ E?

Spin eigenstate  Expected decays

W10 T(nS)rtn—, T{HS} KTK™ in S wave

W11 T(nS)n, T(nS)y'

i1, Y19 T(nS)ata~, T(nS)KTK~ in D wave

o1 o (1.5) w. 16 (nS) b, he(nP) 1. hu(nP) 1’
1 20

0(BB)/0(BB")/0(B"B"p)lo(B*B* oy )=1idis : 22
Mlxmg (B*B*4-0)/(B*B*s-,)? ->
1c0S0 O'(B B*S 0) 1-— (COS 9)2 *B §=2 ):1 _%(COS 9)2

It is necessary to measure the angular distribution of B* production near
the threshold
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It can be concluded that at present the physics of heavy quarkonium is
poorly understood and additional experimental data are required at
energies above Y(4S) up to the maximum achievable by KEKB

The experimental data obtained by Belle and Belle-lIl above the Y(4S)
resonance have already provided interesting results

What tasks can be formulated today for this area of research?

« Measurement of the Energy Dependence of processes with the emission of
Light Hadrons and the transition to Light Bottomonium States

* Detailed study of the properties of Y(10750), Y(5S), Y(6S), Z,(10610),
Z,(10650)

« Search for G-odd partners of Zb(10610), Zb(10650)

» Search for a bottomonium partner of X(3872)

« Detailed study of all processes near two-particle thresholds, especially B*B®),
B,B, B,B* and B,*)B_*)

« Search for P-wave J=1/2 states of B and B, mesons

 And many others...

A more detailed discussion of the physical program for the energy region
above Y(4S) can be found in AB, R.Mizuk, M.Voloshin Mod.Phys.Lett.A 32
(2017) 04, 1750025, but even now one can see problems not covered in

this article %



Conclusion

The understanding of the physics of highly excited heavy quarkonium
IS very incomplete.

New data are needed to search for patterns that may indicate possible
theoretical solutions.

Bottomonium is a good object for detailed study.

KEKB is a unique experimental facility in which the phenomena
discussed can be studied under well controlled conditions.

Thank you for your attention!
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Integrated Luminosity at B-factories

(fot) asymmetric e*e” collisions
200—— 77— > 1 abl
—KEKB 1 On resonance:

| _
1000 Bs y(4s): 711 o
ﬁ | Y(3S):3fb?
800 | Y (2S): 24 fbt
ﬁ r/—/-/-' 1 Y(1S): 6 fbt
' 1  Off reson./scan :
600 - /_// _ ~100 fb-1
400 | ' 530 fb!
[ 1 On resonance:
3 /'/ | Y(4S): 433 fbL
200 Y (3S): 30 fb!

7.

- s | Y(2s): 14 fb
ol . . _/ 1 Offreson./scan :

~54 fb-1
199871 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
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Motivation

Observation of e*e” — n*n h, by CLEQO aniv:1104.2025 PRL107,04803(2011)

Ryan Mitchell @ CHARM2010 v*rh, at 4170 (Allv_ Modes)
70 - =
- N 2 140 ﬁ
i e og(e'e — n" w h;) (scan data) w [
60| . . O 2 920 CLEO
i ° o(e’e” — n* o h;) (4170 data) E -
500 O  o(e'e =t w ) W jo0f Preliminary
Ei.':l+

og(e’e” — n* " (h_,J/yp)) (pb)

o Energy dependence .
30 of the cross section o “
20 20 t
- B 3.45 3.5 3.55 3.6 265
10; 1 ' Recoil Mass (GeV)
:I | | L1 I | I | | I I | I I |
é?95 4.1 4.15 4.2 4.25 4.3

*e” Energy (GeV)
Enhancement of o(h, )

@ Y(4260) — o(h, n*1) is enhanced @ Y,,?
—> Belle search for h, In Y(5S) data 20



M(u'w), GeV/c?

Exclusive Y(5S) ->Y(nS) nt'r -
Y(5S) > Y(nS) ntm-

10.6
10.4
10.2
10
9.8
9.6
9.4
9.2

(n=1,2,3)

Y(nS) - pt+u-

o esy] ?

10 10.5

MM(z*), GeV/c®
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(Events/15 MeV/cz)
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(Events/5 MeV/cz)

Results: Y(2S)rtmr
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(Events/5 MeV/c%
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What about other color-singlet combinations?

Other possible “"white” combinations of quarks & gluons:

Pentaquark: H-diBaryon
U d S ud
S=+1 Baryon u tightly bound
Glueball de

6-quark state YdS
: . 9
Color-singlet multi-an.,
gluon bound state‘g@ﬁ

Q

Tetraquark mesons Q
tightly bound loosely bOl{nd@ﬂ-
diquark-diantiquark™ \u meson-antimeson O
“molecule’ S

qq-gluon hybrid mesons C'We



mass | =2.4 MeV/c?

charge

spin

QUARKS

LEPTONS

Standard Model of Elementary Particles

three generations of matter
(fermions)
0 ~125.09 GeV/c?
0 0 H
! . 0 7
gluon Higgs
0
0
1
photon

~172.44 GeV/c?

2/3

- @
to P

~4.18 GeV/c*

-1/3
- B

bottom

%1.275 GeV/c?

2/3
" &

charm

2/3
w (W)

up

=95 MeV/c?

-1/3
" (&)

strange

~4.8 MeV/c?

-1/3
v )

down

~105.67 MeV/c?

-1
- @

~0.511 MeV/c?

-1
- @

electron

~1.7768 GeV/c?

i
e @
tau

%91.19 GeV/c?

0
1

Z boson

SCALAR BOSONS |

<2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c?

0 ' 0 ‘ +1

. @ |- @ :
electron muon tau W boson
neutrino neutrino neutrino

GAUGE BOSONS
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*Heavy quark mass — non-relativistic bound state
*Analogous to positronium (e+e’)
*NRQCD potential based on one gluon exchange:

HQET color magnetic moment ~1/mg

—4 o, 1
V(T)N?a? for ’r<<K

Vipn(r) = (LL S+ 1. SQ) L4 ey +2n ()

2m3 2m3 r dr

- 1 dVs(r)
L - S’ S
mimo ( 2)r dr
]_ — — 1 — —
(?/'\' . Sl T - SQ — 581 . SQ)V{}(T') +

M1 3mymo

_|_

_|_

*Modern descriptions: EFT and lattice QCD
Predictions: mass, width, J™, production, decay

S - S, Vi(r)
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