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The Belle and Belle |l Experiments %

> B factories at KEK (Tsukuba/Japan): ete™ collider at Ecy around 7(4S) mass
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The Belle and Belle || Experiments

> B factories at KEK (Tsukuba/Japan): ete™ collider at Ecy around 7(4S) mass

Belle at KEKB accelerator (1999-2010)

» Collected integrated luminosity of about 1000 fb—!
> 711fb~* at 1'(4S
> 6fb ! at 7Y
> 25fh ! at 7(
>  3fb~!at T(
> 121fb~* at 7'(5

>
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The Belle and Belle || Experiments

> B factories at KEK (Tsukuba/Japan): ete™ collider at Ecy around 7(4S) mass

Belle 1l at SuperKEKB accelerator (2019-)

» Goals

> 50x Belle data-sample size by increasing luminosity
» Renewed detector, trigger, analysis techniques, ...

S. Wallner Studies of hadron spectroscopy at Belle and Belle 11 1/12



The Belle and Belle |l Experiments %

> B factories at KEK (Tsukuba/Japan): ete™ collider at Ecy around 7(4S) mass

Belle Il Online luminosity Exp: 7-35 - All runs

Belle Il at SuperKEKB accelerator (2019-) T o e

8 15.0 1 [ Lpacirgeg dt = 575.47 (o] —
> Goals s / s00 =
> 50x Belle data-sample size by increasing luminosity £ ™ w0l
» Renewed detector, trigger, analysis techniques, ... > 100 “ £
g 300 3
> Run 1 (2019-2022) s | £
» Collected about 1/2x Belle data-sample size F so 200 2
1x BaBar data-sample size 3 0o

S 254

» Run2 started in spring 2024
0.0 - 0

> Upgraded detector A
» World-record luminosity: 5.1 x 10**cm 257! pate

N
%

Updated on 2025/01/03 14:53 JsT
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The Belle and Belle |l Experiments %

Hadron spectroscopy

» Explore the nature of the 7°(10753) [see A. Bondar's EPS-HEP talk]
» Search for hy(1P,2P) decays to T°(1S5), xbs (this talk)
» Search for Pz, states in 1'(15,2S5) decays (this talk)
> Precision measurement of the B® and Bt mass difference (in progress)
» Search for resonances in ete™ — J/yhh (h = p, 7, K) (in progress)
> .
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[ Search for hy(1P,2P) Decays
to T(lS), XbJ J




Motivation: Spin-Singlet to Spin-Triplet Transitions %

I —
» Bottomonium: bound bb system
» Quark spins S; can couple to
»> S5 = 0 spin singlet
> Sy3 = 1 spin triplet
» Orbital angular momentum L
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Motivation: Spin-Singlet to Spin-Triplet Transitions %

I —
» Bottomonium: bound bb system
» Quark spins S; can couple to
»> S5 = 0 spin singlet
> Sy3 = 1 spin triplet n
» Orbital angular momentum L
» Study transitions between bottomonia

» Probe inner structure h, (2P) [ ] Y(15)
P> Test effective field theories

» Transitions from spin-singlet to spin-triplet state spin singlet spin triplet

suppressed by heavy-quark spin symmetry
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Motivation: Spin-Singlet to Spin-Triplet Transitions %

I —
» Bottomonium: bound bb system
» Quark spins S; can couple to
»> S5 = 0 spin singlet
> Sy3 = 1 spin triplet

» Orbital angular momentum L
» Study transitions between bottomonia

» Probe inner structure h, (2P)
P> Test effective field theories

Y(15)
» Transitions from spin-singlet to spin-triplet state spin singlet ¢ spin triplet
suppressed by heavy-quark spin symmetry

» Suppression may be lifted by hadron loops
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Motivation: Spin-Singlet to Spin-Triplet Transitions %

I —
» Bottomonium: bound bb system
» Quark spins S; can couple to
»> S5 = 0 spin singlet
> Sy3 = 1 spin triplet

» Orbital angular momentum L
» Study transitions between bottomonia

» Probe inne.r str'ucture . hy,(2P) Y(15)
P Test effective field theories
» Transitions from spin-singlet to spin-triplet state spin singlet g spin triplet

suppressed by heavy-quark spin symmetry
» Suppression may be lifted by hadron loops
> B[T(3S) — hy(1P)7°] ~ 10~3 (significance 3.10)
[BaBar PRD 84 (2011) 091101]
» Prediction B[h(2P) — 7(15)n] ~ 10%
[Li and Voloshin PRD 86 (2012) 094013]
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Evidence of h,(2P) — 7 (15)n Decay %
[PRL 133 (2024) 26] apy51¢

Measurement

» Full reconstruction in 7(59) decays (121fb~1)
T(5S) —> Z;_ T > hb(2p) 71'+71'7
08
Lras)n o,

|->’Y’Y 0.7

+ p— ~ 0.6
|->£ l 055
0.4)
0.3f
0.2
0.1

» Define signal in 2D plane M, and M5¢

M,, (GeV/c?)

02 1022 1024 1026 1028 103
M (GeV/c?)

= [ITTTTTTTT

ar(18) —» ptpu~

AT(18) = ete™
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Evidence of h;(2P) — 1 (15)n Decay %
[PRL 133 (2024) 26] 72 47>2¢

Measurement

» Full reconstruction in 7(59) decays (121fb~1)
T(5S) —> Z;_ T > hb(2p) 71'+71'7

|—>T(].S) n 5 —— Total PDF
|_) Lyy ~ 4 ® | hy@P)>Y(1S)
+ )— ) Y(55)-, (1PJrr
(a 3 3
» Define signal in 2D plane M, and M€ 2
» Extract signal yield from 2D fit § 1:,‘ ‘
m
P Signal with 3.50 significance ok oo i ‘ ‘
3.7 _3 10.2 1022 1024 1026 10.28 10.3 10.32
> B[hy(2P) — Y(1S)n] = (7.1755 £0.8) x 10 Mz (GeVic)

» 10x lower than expected based on
B[T(38) — hy(1P)7°]
» Disfavors large loop contributions
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Evidence of h;(2P) — 1 (15)n Decay %
[PRL 133 (2024) 26] 72 47>2¢

Measurement

» Full reconstruction in 7(59) decays (121fb~1)
T(5S) —> Z;_ T > hb(2p) 71'+71'7

|—>T(].S) n 5 —— Total PDF
|_) Lyy ~ 4 ® | hy@P)>Y(1S)
+ )— ) Y(55)-, (1PJrr
(a 3 3
» Define signal in 2D plane M, and M€ 2
» Extract signal yield from 2D fit § 1:,‘ ‘
m
P Signal with 3.50 significance ok oo i ‘ ‘
3.7 _3 10.2 1022 1024 1026 10.28 10.3 10.32
> B[hy(2P) — Y(1S)n] = (7.1755 £0.8) x 10 Mz (GeVic)

» 10x lower than expected based on
B[T(38) — hy(1P)7°]
» Disfavors large loop contributions
» No evidence for isospin violating decay:
hy(1P,2P) — T(18)7x"
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Search for hy(2P) — x57(1P)y %

Motivation
» Search for spin-singlet to spin-triplet transitions
/l},(QI)) — /\’g,,](l [))", with J = 0, ].,2
» Direct radiative M1 transition suppressed
(B=10"%-10"%)
[Godfrey Isgur PRD 32 (1985) 189]
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Search for h,(2P) — x5 (1P)y

Motivation
» Search for spin-singlet to spin-triplet transitions
/l},(QI)) — /\’g,,](l [))", with J = 0, ].,2
» Direct radiative M1 transition suppressed
(B=10"%-10"%)
[Godfrey Isgur PRD 32 (1985) 189]

» May be enhanced by hadron loops (B = 1072-1071)
[K.-F. Guo et al. PLB 760 (2016) 417]
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Search for hy(2P) — xus (1P
: ( ) X[J( )’y [PRD 111 (2025) 1] K

Measurement

» Full reconstruction in 7(59) decays (121fb~1) 450 — 2.00
{ )
T(5S) —> Z;_ T —> hb(QP) 7T+7T_ < 400 i % 1.75
3 : i 1.50
|—>Xb](1P) Y % 350 % -! 1 -
|+T(15) 72 § wol o 100%
+- 1 § 3
» 2D signal region L’,U« H S 250 ] 0758
» M,ec(mT77) corresponding to M (hy(2P)) 3 vl D) 0.50
> M(upyy) — M(upy2) corresponding to J S 025
M (hy(2P)) — M (xb1(1P)) imulation

150
10.10 10.15 10.20 10.25 10.30 10.35 10.40
Mrec(m*n~) [GeV/c?]
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Search for hy(2P) — xus (1P
: ( ) X[J( )’y [PRD 111 (2025) 1] K

Measurement

» Full reconstruction in 7(59) decays (121fb~1) 450 —r 2.00
r(55) — Z;_ 7~ —> hpy(2P) rtn— g 400 ::
|—>ij(1P) Y % 350 § -! j 1258
Lrs) 1 T
» 2D signal region byt Lé 250 g 075§
- %wﬁﬁ_—) M ELe:SS;i?r%ezzoﬂfd(iﬁ;(i: ) Fanl o) o -
M(hb (2P)) R M(ij(lp)) 15100.10 10.15 10.20 10.25 ls()lg]u1|0a3t;02040
» Region of TJ(lD) signal from Mrec(n* 1) [GeV/c2]

Y(55) = T;(1D)r "7~ excluded in analysis
» Dedicated analysis ongoing
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Search for hy(2P) — xus (1P
: ( ) X[ ]( )’y [PRD 111 (2025) 1] K

B0 5

» No events in signal region

N

o

o
|

» First upper limits on branching fraction 0

> B[h(2P) — x50(1P)y] < 2.7 x 107!
> B[h(2P) — x1(1P)7] < 5.4 x 1073
> B[h(2P) — xp2(1P)7] < 1.3 x 1072
» Upper limits consistent with predictions from
relativistic quark-model

Y,(1D)

300

M(ppy1y2) — M(ppy,) [MeV/c?]
I
3
|

N

o

S
|
As

MC scaled counts/(10 x 5 MeV?/c*)
-

Data events/(10 x 5 MeV?/c%)

Real data
Simulated background

150
> . . . I H 10.10 10.15 10.20 10.25 10.30 10.35 10.40
Limits in the range sensitive to hadronic loops M- [GeVe?]
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[ Search for
PCES(4459)O and PCCS(4338)O_I




> QCD allows for complex configurations than ¢gq
and qqq, so-called exotics

» LHCb, Belle, and others discovered a new zoo of
exotics: Tetraquark (gqqq), pentaquark (gqqqq)
> Pentaquarks with c¢ and strangeness (P.zs)
> P..5(4338)° with 150 significance
> P.:5(4459)° with 3.10 significance
» Both in Pess — J /1A decays

S. Wallner

115
o o cliad e 5
11.0 24 new exotic hadrons at the LHC * fd_ﬂ_ﬂi ® cicc W ccqqq
® ccad o cdqq
105
T Tetri00 ]
7.0 @T(6900) .
Teal6600)
65 o
6.0
gss
>
g% §
b “ 2 5eiason) possse QXSS
54° o, B e Prlown O P
8 %4199 (4380 Pala312) o, uonm c1(4000)° & Xa(4010)
240 ) .
7. 8675) X(3960)
35
3.0 T4(2900°
[ JRee Lz
25
2.0
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» QCD allows for complex configurations than ¢gq
and qqq, so-called exotics

» LHCb, Belle, and others discovered a new zoo of
exotics: Tetraquark (gqqq), pentaquark (gqqqq)
> Pentaquarks with c¢ and strangeness (P.zs)
> P..5(4338)° with 150 significance
> P.:5(4459)° with 3.10 significance
» Both in Pess — J /1A decays

6.0

240

® ccqgq ® g

24 new exotic hadrons at the LHC clad) e “:i - “’"""JV

Teece(6900) .

Tece(6600)
0

potassr
] [
0141900 o (4350 ’ Potazna)y 400010 _ Xa(4010)

720029008 B
7229001
7 zmnor oTz

Teeel7100)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
1 Date of arXiv submission

» Baryon and deuteron production in 7°(15,2S) decays enhanced
w World's largest samples at Belle: 6fb~! at (1) [102M]; 25fb~1 at 7°(2S5) [158M]

w Search of 7(15,25) — P.X decays

> No pentaquark signal in 7°(15,25) — P.e X — (J/¥p)X [arXiv:2403.04340
» Search for P.zs in T(15,2S5) = Pees X — (J/pA)X

S. Wallner
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Search for P.;,(4459)° and P,.,(4338)% in 7°(15,285) Inclusive Decays%

[arXiv:2502.09951

T(19)

Measurement of 7°(15,25) — J /YA + X Belle: 102M
1.13; B2 1 - B2 (a)
» 2D signal region in M1 ;— and M- ’
> Subtract continuum background estimated from < ! o m . s
off-7 data E e T Rl o
» Subtract background from 2D sidebands e jm"r_ ’ ¥ :
> False J /1 or A SLupEc g - BL" .p2!
» Combinatorial background .
1.1 -
| P R

L P I R
3 3.1 32
M,, (GeV/c?)
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Search for P.;,(4459)° and P,.,(4338)% in 7°(15,285) Inclusive Decays%

[arXiv:2502.09951

Measurement of 7°(15,25) — J /YA + X Belle: 102M
L13 B B2 1 - B2 (a)

» 2D signal region in M1 ;— and M-

> Subtract continuum background estimated from )
off-" data 3

» Subtract background from 2D sidebands N s i -
> False J /1 or A SLupEc g - BL" .p2!

» Combinatorial background - .

1,12; T .B1 .. o Bl ¢

» Measure the total inclusive branching fraction ub
> B[Y(15) — J/¢pA/A+ X] = (36.9+5.3+2.4) x 107° e ETTIE
> B[T(28) — J/wA/A+ X] = (22.34+5.74+3.1) x 107° M, (GeV/c?)
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Search for P.;,(4459)° and P,.,(4338)% in 7°(15,285) Inclusive Decays%

[arXiv:2502.09951
8
T(].S) (a)
6
) A) Spectrum
» Measure yields in M/ (.J /i A) bins 2
» Enhancement near P...(4459)" mass s

Y (2S5) (b)

'y
L L R LA BN LA L L BN B

Entries/10 MeV/c?

3 4. 5 X
M@J/yA) (GeV/c?)

6

4.7

Signal region
Sideband background region
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4338)" in 7'(15,285) Inclusive Decays%

[arXiv:2502.09951

15
I -+ Data
| — Total fit </
“ I ----Signal fit BELLE
2 I ---Sideband fit .
pA) Spectrum % 10| o no-Py simulation i?ﬁiﬁ ;E;;
2 L sideband
» Measure yields in A/ (.J/¢/A) bins s |
172}
» Enhancement near P...(4459)" mass E sl
. . = I
» Combined fit to 7°(15) and 7°(25) data =
» Background polynomial constrained by simultaneous [T H -+-;-_»;-_-_
fit to 2D sideband data P Sl P A
> P..,(4459)° mass and width constrained to LHCb o3 a4 4s
measurement M@J/yA) (GeV/c?)
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4338)% in 7°(185,2S5) Inclusive Decays

> P...(4459)" significance 3.3¢ including systematic uncertainties

> BIT(1S) — Pees(4459)°X — J/9pAX] = (3.5+2.0+0.2) x 1076
> BT (2S) — Pees(4459)°X — J/pAX] = (294 1.74+0.4) x 1076
» First evidence for 7°(15,25) decays to exotic state

> M =4471.7+4.8 £0.6MeV/c?, I' =224+ 13 £ 3MeV/c?

» From separate fit omitting LHCb mass and width constraints

S. Wallner

Studies of hadron spectroscopy at Belle and Belle 11

Entries/10 MeV/c?

[arXiv:2502.09951

F —+Data
b — Total fit
b - Signal fit

i d

10
L i

102M (15)
158M T(25)

Si

4 >413 14 as a6 a7
MJ/yA) (GeVie?)
arXiv:2502.09951

accepted by

PRL

11/12
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Search for P.;s(4459)" and P.;4(4338)% in 7°(1S,25)

P;5(4459)°

> P(.;,§(445£))‘) significance 3.30 including systematic uncertainties
> BIT(1S) — Pees(4459)°X — J/9pAX] = (3.5+2.0+0.2) x 1076
> BT (2S) — Pees(4459)°X — J/pAX] = (294 1.74+0.4) x 1076
» First evidence for 7°(15,25) decays to exotic state
> M =4471.7+4.8 £0.6MeV/c?, I' =224+ 13 £ 3MeV/c?

» From separate fit omitting LHCb mass and width constraints

P,5(4338)°

Entries/10 MeV/c?

Inclusive Decays

[arXiv:2502.09951] K

10

- 102M T(15)
no-P,, simulation o
sideband SEMT(25)

MJ/yA) (GeVie?)

arXiv:2502.09951
accepted by PRL

> No P.c,(4338)° signal observed

> B[Y(18) = Pees(4338)°X — J/9AX] < 1.8 x 107°
> BT (2S) — Pezs(4338)° X — J/pAX] < 1.6 x 107°
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» Search bottomonium spin-singlet to spin-triplet transitions
» First evidence for hy (2P) — 7(15)n
> Lower than expected from 7(35) — hy(1P)7°
> Disfavors large hadronic loop contributions
> No signal for hy(1P,2P) — Y(1S)7° and hy(2P) — x57(1P)y
» Evidence for P.z5(4459) — J /¢ A in inclusive 7(15,2S5) decays
> First evidence for (15, 25S) decays to exotic state

» Belle Il restarts data taking in November 2025

0.
07 (b),
06
0.5
04
03

hy(2P) VR - Y(15) 02
g g
To—"

My, (GeV/c?)
Entries/10 MeV/c*

I : 0.1

i

' 1 .
42 43 44 45 4.6 4.7
M(I/yA) (GeV/c)

102 1022 1024 1026 1028 103
M (GeV/c?)
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Outline

0
The Belle and Belle Il Experiments B Search for hy (LP,2P) — T(18)
m Unique environment for high-precision measurements
and New Physics searches Bl Search for hy(2P) — X3 (1P)y
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The Belle and Belle || Experiments

Unique environment for and [Snowmass White Paper]

endent Measurements

Belle Il Data

S. Wallner
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The Belle and Belle || Experiments

Unique environment for and [Snowmass White Paper]

Belle Il Data
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r hy(1P,2P) — 1 (18)7°

[PRL 133 (2024) 26]

I S
. 07t (b),
> Same final-state allows us to also search for 06 )
hy(2P) = T (19) 7" 2 05 o

» Isospin-violating transition strongly suppressed (:; g'i R '
» No event in signal region 0.2 .,

> Blhy(2P) — Y(15)7°] < 1.8 x 103 0.15 :

102 1022 1024 1026 1028 103

M (GeV/c?)

wr(18) —» ptpu~

AT(1S) = ete™
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Search for hy(1P,2P) — T (15)x"

[PRL 133 (2024) 26]

e 035

. 0.3
» Same final-state allows us to also search for

$ 025
hy(2P) — T (18)7" > on : .
L - 4 A A
» Isospin-violating transition strongly suppressed :F 0.15 K
0.1

» No event in signal region
> B[h(2P) - T(15)7°] < 1.8 x 107° 0.05

> No event in signal region for h,(1P) — 7(15)7° 9.75 9.8 985 9192 9.05
> Blhy(1P) - T(15)n°] < 1.8 x 1073 M5 (GeV/c®)

ar(18) —» ptpu~

AT(1S) = ete™
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Search for hy(2P) — xus (1P
: ( ) X[J( )’y [PRD 111 (2025) 1] K

Measurement

» Full reconstruction in 7(59) decays (121fb~1)

T(5S) —> Z;'_ T > hb(2P) 71-+71-* 450 2.00
{7 hy(2P)
|_>XbJ(1P) Y — 400 l 175
|_) % i § 1.50
Y (1S) 72 Z 350 -! -
= s s
» 2D signal region St 3 0 1008
» Mec(m" 7)) corresponding to M (hy(2P)) : : 075 8
> M (upyy) — M(upy2) corresponding to § 20 050
M (hy(2P)) — M (x5 (1P)) £ 0| YD)
Simulation 02

150
10.10 10.15 10.20 10.25 10.30 10.35 10.40
Mpec(n* ™) [GeV/c?]
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Search for hy(2P) — xus (1P
: ( ) X[J( )’y [PRD 111 (2025) 1] K

Measurement

» Full reconstruction in 7(59) decays (121fb~1)
T(5S) —> Z;_ T > hb(2p) 71'+71'7 450

2.00
|_, [ (2P Las
Xb](lP) Y — 400 : 3 :

|_) % - B 1.50
T(lS) 72 é 350 ; -! } 125 2
. . A= g -
» 2D signal region St 3 0 1008
> Mec(mT77) corresponding to M (hy(2P)) 3 H 0758

> M (upyy) — M(upy2) corresponding to :;: = 0.50

M (hy(2P)) — M (xbs(1P)) = 200, Yy(1D) ) ) 025

» Region of T;(1D) signal from Simulation
’I‘(5S) — TJ(lD)W+7T_ excluded in analysis b0 1015 1020 1025 1030 1035 1040

Mrec(m*n~) [GeV/c?]
» Dedicated analysis ongoing
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Search for hy(2P) — xps(1P
: ( ) XIJ( )fy [PRD 111 (2025) 1] K

Measurement

» Full reconstruction in 7(59) decays (121fb~1)
T(5S) —> Z;_ T > hb(QP) 71'+71'7

L’XbJ(lp)'V
Lrs)
+ —

» 2D signal region L)l“ H ]

> Mec(mT77) corresponding to M (hy(2P)) 51

> M (upyy) — M(ppy2) corresponding to b :

M(hs(2P)) — M (xss(1P)) o e e ———

» Region of T;(1D) signal from B T R

T (55) = T;(1D)n T~ excluded in analysis
» Dedicated analysis ongoing

» Systematics studied in analog
T(3S) = yxps(2P) = 7tm~yyut = decay
» Good agreement between real data and simulation
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