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Hadron Spectroscopy

Quark mOdEI: M. Gell-Mann, Phys.Lett. 8, 214 (1964) . 9 é

Classification scheme for hadrons 1n terms of valance quarks.

Hadrons are composed of mesons (gg, gqqq, ...) and baryons (gqq, gqqqq, ....). Baryons (qqq) Mesons (qa)
Pentaquark: H-diBaryon
2 qqg spectroscopy with heavy quark (mostly S ud
¢ or b) are best place to study quark model. o=+1 Baryon g de tightly bound

6-quarkstate  © ¢ S
2 Simple two body system, non-relativistic Glueball

and narrow (with OZI suppression). Color-singlet multi- %
9

gluon bound state
2 Further, one can search for exotics with

them. Tetraquark mesons
tightly bound loosely bound
Many exotic hadron states are observed diquark-diantiquark " S U meson-antimeson il
experimentally, such as the X(3872), Y(4260) molecule \X

and Y(10753) , but no unambiguous &
interpretation exists qg-gluon hybrid mesons CM
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Belle + Belle 11 relevant datasets

o(e*e — bb) [arb. units]

102 M 158 M 711 fb o

1] =
0% Hvas)
| Y(25) ve3s)

10° Y(4S) .

101 _ ‘
-2 21 fb

10 Scan data
103 : 19 fb

94 9.6 9.8 10.0 10.2 10.4 10.6 10.8 11.0 Scandua S
Vs [GeV]



Bottomonium Spectrum

11.00{  —yyes)
YOS, - - o _ BYBY
2 Below the BB threshold states are well described by potential 10.751 =<@o7m3y- - - - - - - - - - " Z,(10610) gE®
models. P a3 111510 R
2 Above BB threshold states exhibit unexpected properties: S 1007 Xa1(3P)  Xe2(3F) Open bottom threshold
! . . . Q _Y'(BS)
4 Hadronic transitions to lower bottomonia are strongly = 10.25 e op TP TP TP
enhanced. N ﬁ ~—Y5(1D)
4l The 5 transitions are not suppressed compared to 747z~ = 10.001 TY(2S) —p(2)
transitions. Strong violation of Heavy Quark Spin Symmetry. —oo(1p)  Xeu(1P) Xe2(1P) TR(1P)
@ Z(10610) or Z,(10650) : observed near the B B* =S
thresholds, properties are consistent with B’ B* molecules. 050
| 15
T ~ Mu(1S)
1"" 0—+ 0++ 1++ 2++ 1+— 2""

jPC

Exotic: molecule, compact tetra-quark. 2 Conventional bottomonium (pure bb state)

2 Bottomonium like states (mix of bb and BB)

B> Purely exotic states (Z),)



Bottomonium below BB threshold




BELLE

Search for 1,(2P) — Y(18); and ,(1P,2P) — Y(15)7° at Belle

2 The properties of spin-singlet /,(1P,2P) are expected

to be similar to spin-triplet partners y,,(1P,2P) state.
: . . Coer 11.00 -
2z Theoretical prediction: the ratio of the annihilation 5 ) -
rates for the /1, (1P) and £, (2P) is the same as the - O - - - - - - - - - - - - Z— - = =*°7=
' : 10-751 =<q0733) - T T T T T Z(10610) pAE
corresponding ratio for y,,(1P) and y,(2P), o BB
R, =R, . PRD 86, 094013 (2012) TVHS)- - - - 41050 - -
b Abl 10.50 -
— +0.47
> Based on current results, the R, /R, = 0.247 5, with —135)
1.50 discrepancy from unity. This discrepancy will 10.25- b(2P) (1D}
2
increase if the rate of 4, (2P) — Y(15)n is as large as 000{ V25  —rs) 70 In
10% — a6 Xo(1P)  Xe2(lE 5(1P)
9.75 -
71'0
9.50 ;
1-- 0—+ O++ 1++ 2++ 1+— 2--




Search for /1,(2P) — Y(15)n and h,(1P,2P) — Y(15)7" at Belle |2

BELLE
Y(5S) data, 121 fb! PRL 133, 261901 (2024)
—~ 0.8 S —— Total PDF
N§ 07t (b) Y(1S) — ptu- > @ |l hy(2P)>Y (1S
@ 0. 65— ) R Y(1S) — ete™ § 3 10.242 < M™ < 10.278 GeV/c? ||~ Y(5S)x,, (1Prn
S 0.5 ’ s
0.4 5 i
- A m
03:_ 1H-| |+ 4 u L
0.2 » T | |
B hb(zp) | - oL el L] |
0.1 . 0.1 02 03 04 05 06 07 038
S T T B R S B My'y (GCV/CZ)
102 1022 1024 1026 1028 103 E————
rec 2
Mpp (GeV/ie) 2 INC .. | | | hy(2P)—Y (1S
........... Y(5S) _)Xm(1p)n+n'n0

2 Evidence for h,(2P) — Y (15)n with 3.56 significance.
B B, - Y(1S)) = (7.113]£0.8) x 10~
2 No significant /2, (1P, 2P) — Y (15)7" signal is observed.

2 Upper limits at the 90% C.L. are set.
0 T s s G S P

0 -3 102 1022 1024 1026 1028 103  10.32
2 B(h(1P,2P) - Y(1S)n") < 1.8 X 1077 at 90% C.L M (GeV/c?)

3 450 <M, < 600 MeV/¢?

Events / ( 10 MeV/c?)




Search for /,(2P) — yy, (1P) at Belle S

BELLE

PRD 111, 1011102 (2025)
PLB 760. 417 (2016) PRD 111, LO11102 (2025

Expectation PRD 32, 189 (1985)

ﬁBF: 107° - 107

— 102 -1
() BF=107-10

<

Relativized quark model B ) coupled channel effect
. 450 — ;
Full reconstruction: ; g =
Y(55) = hyQP)x*a™, by — 2, (1P = [YAS)ply = [t e nly - <400 | | 1 - <
~ : : ! : ~ g
3 | | o 3 N
- . = 3501 i ] = 3
2 No significant /,(2P) — yy,,,(1P) signal is observed. ~ i i S < =
> i E :_____: o
2 Upper limits at the 90% C.L. are set. 3 i 5 = S
< 3001 i . @ 15
TABLE IV. Observed upper limits at 90% CL for the branching ’;\,_ | I | e g
fractions of the investigated transitions. = 2501 | a $
3 i i S i
Channel B = | | 8 5
= 200{ | i s
h,(2P) = vy, (1P) <1.3x 1072 i i
h,(2P) = yyp (1P) <5.4x 1073 i i
hy, (2P 7po(1P 2.7 x 107! 150 +——— - . . .
»(2P) = 7210(1P) <2.7 X 10.10 10.15 10.20 10.25 10.30 10.35 10.40

Mec(mtm™) [GeV/c?]
ULSs are consistent with expectations
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Bottomonium-like states above BB threshold




Discovery of Y (107353)

2 Y (10753) was observed in energy dependence of ete™ - Y(S)z 'z~ (n = 1,2,3)
cross sections by Belle.

JHEP 10 (2019) 220

2 The global significance is 5.2

Y(55) Y(65) New structure |

M (MeV/c?) 10885.3+1.5322 11000.0142 19| 10752.7 +5.9 197
[ (MeV)  36.6535777 23873 s 3557415 4
|

2 ete™ — bb cross section in bottomonium
energy region based on the Belle and
BABAR measurement.

4 A dip near 10.75 GeV likely caused by
interference between BW and smooth
component. CPC 44, 8. 083001 (2020) |

|

. R4 * e o
0 L1 amhal DT B - TE T R TSI B

10.6 10.7 10.8 10.9 11 11.1
Vs (GeV)

‘:.~

Fit function: 3 BW+smooth component
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Y (10753): theoretical interpretation

Y(4S) B'B B'B* BB B:B. Y(5S)
Ex
Per; |
Imep,
yias) Y(3D) Y(55)
10.55 10.60 10.65 10.70 10.75 10.80 10.85 10.90 10.95
Vs [GeV]

2 Mass does not match Y (3D) theoretical predictions.
2 Y(4S) — Y(3D) mixing can be enhanced due to hadronic loops.
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B> Conventional bottomonium?

| iiossible interpretations:
|

Phys. Rev. D 105, 114041 (2022)
Phys. Rev. D 106, 094013 (2022) |
Phys. Rev. D 105, 074007 (2022) |

B Hybrid state?

Phys. Rept. 873, 1 (2020)
Phys. Rev. D 104, 034019
(2021)

P Tetraquark state?

Phys. Rev. D 103, 074507 (2021)
Phys. Rev. D 107, 094515 (2023)

|B> Hadronic molecule with a small




Unique data with energy scan near \/E = 10.75 GeV

2 Belle I / SuperKEKB performed an energy scan in November 2021 with a total luminosity of 19 fb~.
2z Physics Goals:
2 Confirm and study the Y (107353).

2 Improve the precision of exclusive cross-section below the Y (35).

(b, 3.5/fb 1.6/fb 9.8/ftb 4.7/fb

| | | | 1

- B Belle '8.
- 9.8 fb~1 | =
10 mmm Belle Il — =
o 8; . B
()

n |

g T N
£ 6 - = 5+
= L 4.7 fo~ 5 |
3 , a
© 41— 3.5fb |
8 B ]
c 2" 1.6 fb~?! N

L | I I | ] | I | I l ] | l | | I ] O (R e

18.60 10.65 10.70 10.75 10.80 10.85 o
Ecm [GeV] . :

2 Belle II collected data in the gaps between the Belle points.
2 The point with the highest statistics (9.8 fb™!) is near the Y(10753) peak.
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Search for Y(10753) — 772~ Y (nS) at Belle 11 B

Belle 1

2 Discovery mode of the Y (10753) (Next few slides will cover):
;/” . ] 11.00 - ~Y(6S)
i Confirm its existence s, g
< N 10,751 = TF nqraim = = m e e -
4 Measure the di-pion spectrum 0753) Z,(10610) g5t
. . . :S):::::::::::_::_ZJICIGS(D::
) Look for Z"(10610) or Z"(10650) intermediate contributions U 10.50- —T(3P) Xox(3P)
E 3S)
- 10.25 1 ~Xeo(2P)  Xb1(2P) ~ Xv2(2P)  THp(2P)
2 ~Y3(1D)
= 10.00+ S)  —m(29) o
Confirm Y (107353) existence —,1p)  Xeu(lP) T Xe(1P) TT(1P)
9.75 -
2 Clear signal for Y(1S)z" 7z~ and Y (25)7" 7~ decay mode. 050
15)
2 No evidence of - (13) : _
1 0-+ o++ 1++ 2+ + 1+ 2
| . —~ jPC
ot . | 60- | T |
| o 99F Belle Il, 9.8 fb N - Belle ll, 9.8 fb " - Belle 1l,9.8 fb
S 300 7Y (1S) at 10.745 GeV \\ S 500 mny (2S) at 10.745 GeV 'S 145 v (3S) at 10.745 GeV
S ¢ 12 ! w§12;—
o 25¢ | o 40 }C’-m‘—
o N () B o _
220 Y 2 ol 2
3200 1A | 530 5 8
| S5/ 2 6F ’
2 | £20 | £ °f
310_ '%)105 !L% 4- I
T 5f ] : ey BN
@ : AN T i i | : | :1.1.+.|.+...|....|
| 12 125 13 03 035 04 045

| AM[GeVic] i AM [GeV/c?]
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Search for Y(10753) — 772~ Y (nS) at Belle 11 A

Belle II

JHEP 07 2024, 116

Confirm Y (10753) existence

ss Ext =Y (1S) Y(35)
— 8 —2- Belle data, nxY(1S)
2 New measurement confirms previous Belle result: cross S s Hostendun s Jf Y(6S)
section 1s peaking near 10.75 GeV. § N 3 4.1o Y (10753) %
m O.Z g ) ¢ N o
Belle + Belle 11 (MeV) Belle (MeV) wsEl L
£ ntnTY(2S) %
1+0.7 - - - Belle data, nxY(2S)
MY(10753) \ 107566 i 27 i ()9 107527 i 5.9_1.1 g N —4- Belle Il data, nnY (2S)
..................................................................................................................................................................................................................................... 5 -
! A 7.50
+17.6+3.9 s I '
FY(10753) | 20.0+88+12 | 35.5+17:6+39 o +
———— N
. E_ 1 -.I_ ' _. 111111111111111111111 1 N ' N
. . = Y(3S
2 Results are consistent with the Belle results. = °F +Be"ed§a' m23)
2 Uncertainties are improved by a factor of two from previous ,g LB setenga s
Belle results. 5 155 |
5 E 0.20
; .OE_ =) Ar—k £ A A

Center-of-mass energy [GeV]
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Resonant structure in Y(10753) = #7727 Y (nS) T

Belle II

JHEP 07 2024, 116

AM]TZM( T _)_M( + —)
Z;;r (10610) or Z,j (10650) intermediate resonances THH A

of Y
N§ s Bellell, 9.8 b % 14| Bellell, 9.81b"
2 7F arY(1S) at 10.745 GeV > 12f 7nY(25)at10.745GeV
. . . - o i
 No signal of intermediate Z,"(10610) or Z7(10650) g °| S 1o}
=St 5 o tH
resonances are observed. S af o of L T
- o i dkamI R
2 38 Ml T & 4f t REENARNR
q>> 2 ® (1) ® ® o |le 3K ) Lﬁ 5 E_ l } L*
Ll 1;— NT9999 29 ¢ 1987 91129~ | oo[ o9 '_,I-ql - - =T
S U U i 03 0.4 0.5 0.6
" O.BAI\/I,t [GeV/c?] | At [GevicT
Di-pion spectrum oF 25 F
o I o i -1
] ] ] . . Q Belle Il. 9.8 fb-1 S i Be”e ”, 98 fb
+ - . + - . ’ 20
2 nn” Y(1S): M(z™x™) distribution is consistent 2 °[ ev(1s) at10745 Gev 2 T rv(es) at10.745 Gev
with phase space. S of S 15} |
S ¢ R [ s : .
2 77 Y (25): larger values of M(z"n~) enhanced & «f . ! & qof :Phasespace; |
. . 4+ - 2 ! ¢ e I Y 1
(similar to Y(2S) — z7zn~ Y (1S) process) 5 LI «u . I S 5f i B H‘I
L I ¢ ¢ . Ji#¥ Sy Y 1"7"0"0':6?:0‘-_&‘:}_--_@ L | : H . T
R T L1 L LA I L1 ST L R 1 T
0.5 1 : 0.6 0.8
M(m*r) [GeV/c?] M(rt*t) [GeV/c?]
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Search for Y(10753) — wn,(1S) at Belle 11 <

Belle IT
2 Motivation: 11.00{  —76s)
| . . . . —GS). . BB
& Theoretically, tetra-quark interpretation predicts, a strong ol == === =2 == 22222222 2 < il
enhancement of the decay @ 77,(1S) compared to BRI :—;‘122;2 ey
T2~ Y(nS) CPC 43 (2019) 12, 123102 pwosol \T T T T T T TS TP T3P o
>
. . Q
& 45 — 3D mixed model predicts that decay rate of S 1025 e TP XR(P) —TH(2P)
1) is smaller than z*7~ Y (nS) by a f f g S
@ 1n,(1S) 1s smaller than z7z~ Y (nS) by a factor o 7 ~Y3(1D)
= - S
0.2-0.4 PRD 109. 014039 (2024) 10.00 5(25) _
—-ap TP Xe(1P) TT(1P)
9.75 -
2 Strategy o 5o
: : | 1S
4r Partial reconstruction: ™ Has)
. 0 . 1~ - 0-+ ot+ 1++ 2++ 1+- 22—~
& Reconstructed w meson in 777~ 7 and use the recoil JFe

mass of @ as signal variable

| 2
’ (ztn~n") = (\/E_E*> _ (ﬁ)z
recoﬂ \ -2 -

& Recoil mass of w will peak at 77,(15)

17



Search for Y (10753) — wn,(1S) at Belle II <

Belle II

PRD 109, 072013 (2024)

2 No significant @ 7,(15) signal is observed. 0

o — ntrx ' recoil mass distributions

2z Upper limits at the 90% C.L. on the Born cross section are set.

4 o 40000
? o(eTe” - wn(1S)) < 2.5 pb 35000
30000
25000
Ratio: .
15000
p_ D) s o

o(ntn=Y(nS)) 5000
2 Prediction for a tetra quark model: ~30 cpc 43 (2019) 12. 123102

2 Prediction for a 4S5 — 3D mixed state: 0.2 - 0.4
PRD 109. 014039 (2024)

«— Data
— Total fit

Belle 11, 9.8 fb’
/s = 10.745 GeV

Candidates per 10 MeV/c?

600
400
200

R B Rt

200
~400
600
Compatible with S — D mixed model 9

Candidates per 10 MeV/c?
o

Evidence against the tetraquark model predictions.

N Illlllllllllk——b-l—l-llllllll I_Illl|lll||l I|III||IIII|IIII|IIII IIIIIIII

925 93 935 94 945 95 955 96
M. . (tr¢d) [GeV/e?]

recoil(
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Pentaquarks




Motivation

« Charmed pentaquark (P,) states have been discovered
by LHCb.

» P.(4312)", P.(4440)", P.(4457)" in
Ay, = K+ pJly

1200

— total fit :
— background

—
-
-
o

» Not possible to confirm with eTe™ B-factory
« Not enough energy to produce A, pair

* On the other hand, anit-deuterons are observed in
by ARGUS, CLEO and BaBar

« Why not look for P, in Y(nS) decays?

Weighted candidates/(2 MeV)

P (4440)" |\ P (4457)"

P‘,(4:§12)+
Y(2S) 200 \

» Belle has world-largest data samples of Y (1$) and

O rd : [ =" _‘Aﬁ_\_

4200 4250 4300 4350 4400 4450 4500 4550 4600
m,,.,, (MeV]

o 6fblat Y(1S5) [102M decays]
o 251tbltat Y(25) [158M decays]

PRL 122, 222001 (2019)
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Search for P™ — pJ/yin Y(1S5) and Y(25) A

BELLE
arXiv:2403.04340v4
14+ —a— data of Y(1S) %E_ —=— data of Y(2S)
. : N ideband - sideband
 No significant P, signal observed o 12F  signal MC o 18F signal MC
> N N no-Pc MC > 16 | | ] e no-Pc MC
@ 10 " . --- bkg from sideband E 148 & 1 -.-.-. bkg from sideband
= il " =R .. --
2 8__ s }(2)5_ | ! " ml .| ;
% 6 .l [ . % 85_ ." .-- Lar"
_ iy '!i I I — I ' !
2 R £ 8
o + i 2 . | ' ij |
|| BRI W1 v ML Ol --._.'_1._._.1'1"L """ '.'.'_.'!+'LL';|'.1.. ¥ L
4 42 44 46 4.8 5 4 42 44 46 438 5
M@pJ/iy)  GeV/e M(pJ/v)  GeV/c’
o T(1S) decays Y (2S) decays
Set upper limit on £, productions |[P.(4312)7 | P.(4440) T [ P,(4457) | P,(4312) T | P,(4440) T | P,(4457) "
from Y(1S5) and Y(ZS ) -
B (x107%)| 3.9 6.2 5.5 4.7 7.2 2.6

BUL = the U.L. of B(T — P + anything) - B(P+ — pJ/1)
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Evidence of P (4459)" — AJ/yin Y(1S,2S) decays 5

arXiv:2502.09951v1

* determined by a binned max. likelihood fit, with 15
- —+ Data <>
Jepr =JR Thor, +/sB - — Total fit </
e fit with fixed mass, width (from LHCD value) gives - - ----Signal fit BELLE
& _ ----Sideband fit

NP@S =21 %5 ; 10|~ ----no-P simulation 10211:: ?(15)

_ - . S | sideband 158M T(25)

A(—21n L) = 13.01 (3.40 evidence by pseudo-experiment E

technique) - - +- r

v i :
@ Fit result with free mass, width g :

My = 4471.7 4.8 + 0.6 MeV = 5 I il ] |

= '

[ =21.9x13.1 £2.7 MeV €3 ) T : T T
Branching fraction for P, (4459)" productions I a‘[r’“ T "“"f | IJ.L*.: gkl
in Y(15) and Y (25) 0 i ....L....::..J.* _ -.-. o

YPvh B10-0) 4.2 4.3 44 4.5 4.6 4.7
Y (1S) — Pees(4459)°/ Pezs (4459)° + anything 3.5 £ 2.0 4 0.2 2
Y(2S) = Pees (4459)? / Pees (4459)(3 + anything 2.9+ 1.7+ 0.4 M(J/wA) (GCV/C )
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Summary

2 Continue studies of conventional and exotic states at Belle and Belle II (with growing datasets)

2 The understanding of the physics of highly excited heavy bottomonium is very incomplete.
2 First energy scan results from Belle II are quite interesting.
2 Much higher significance confirmation of the Y(10753) by Belle II

2 No clear indication on the nature of Y(10753).

2 Improved results for mass and width of Y(10753) using Y(10753) - Y(nS)z" 7~ .

2 S — D model compatible with Y(10753) — w#,(15).

2 No signal of intermediate le (10610) or le (10650) resonances are observed. e manassesssSaSAS A 170 .
I eak luminosity N
GE-| [ e vl | W B oamikaamitia 2
I Integrated luminosity (delivered) //
2 Evidence of P, (4459)" — AJ/yin Y(1S) and Y(2S) Belle data. spL [—— = il 50

Projected by SuperKEKB/Belle 11

A
S

2 Run2 is underway, with goal of collecting several ab-! data in the coming years,
allowing for further exploration of conventional

Peak luminosity [x10°°cm2s]

Integrated luminosity (delivered) [ab™]

o
!
Vs
|IIII|IIIIiILlIIIIIlIIIII
o
S

. 2__ ........................................... RunZ// ............................................................. 20
and exotic states. ; P
_ LS :
T // ................................................................................. 110
-Run ; .
Od.ld.lﬂu L ........ R

Jan 2024 | Jan 2029 Jan 2034 Jan 2039
23 Date






Belle 11 detector

Record-breaking instantaneous luminosity:

4.7 x 10%* cm™2s~!

» Asymmetric eTe™ collider

K; & n Detector
» Collected data

u 1D efficiency = 90%
7t mis-1D rate = 5%

Central Drift Chamber
Spatial resolution = 100um

- ~362 tb-! at Y(4S) O-(pT)/pTz 0.4%

- 42 tb'! off-resonance, 60 MeV below Y (45).

- 19 b1 energy scan between 10.6 to 10.8
GeV for exotic hadron studies.

Super-Conducting
Solenoid

1.5T B-field

Vertex Detector

Features:
o vertex = 15um

»  Near-hermetic detector

»  Excellent vertexing and tracking

»  High-efficiency detection of neutrals (y, 9,
nn,...)
»  Good charged particle reconstruction.

Identification
K ID efficiency = 90%
7r mis-ID rate = 5%

EM Calorimeter
o(E)JE~ (2—-4)%
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Events/10.0 MeV/c?

c

Search for P™ — pJ/yin Y(1S5) and Y(25)

Invariant-mass distributions of pJ/y in the Y(15), Y(25), and continuum data

pJ/y(—e’e)

pJ/y(—e’e’)

pJ/p(—=p'w)

PJ/Y(—p'w)

J h\H d

N-BQ\%GN-RQ\Q N =
' — —

4

:mm

oy

141| M

i Hh iuhm“r
\{ L J g “A u i H

42 44 4.6 48 4 42 44 46 48 4 42 44 46 48 4 42 44 46 48 5
M(pJ/y)

M
i

W

|

3 for P(4312)*

WM
il

ik

3, for P(4440)*

il

L

| Humm

i'l,

(d)

[l

(h)

0
()

GeV/c?

3, for P(4457)*

arXi1v:2403.04340v4

Y(1S)

Y (2S)

Vs=10.52 GeV



