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Hadron Spectroscopy

Conventional hadrons

Molecule Tetraquark

Pentaquark

Nature Rev. Phys. 1 (2019) no.8, 480-494

Many hadron states are
observed experimentally,
such as the X(3872), Y(4260)
and Y(10753) , but no
unambiguous interpretation
exists

Although several hadron
states, like the glueball, are
predicted theoretically, they
have not yet been seen

!

We do not understand the
strong interaction in the low
energy region well




Belle Experiment
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Belle II Experiment

e+ 4 GeV36 A

Add / modify RF systems
for higher beam current

Low emittance positrons

to inject ', _Positron source
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Low emittance gun

Low emittance electrons
to inject

From Belle to Belle II:

d Nano-beams x current increase (x2) = x30 inst.
luminosity increase

O Higher background

O Higher event rate (~ 30 kHz)

1 Boost change

 New detector: tracker, PID, calorimeters electronics...
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Advantages of studying hadron
spectroscopy at Belle (II)

= “Clean” environment;

= Full event reconstruction, decays with neutral /soft particles;

= Nominal /s = 10.58 GeV = m(7T(4S)), potential to reach 11 GeV;
= Decay with neutrals (v, 7°, K, v) in final state;

= Multiple production mechanisms;
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In this talk, only the heavy flavor part will be mentioned



Energy Scan Data Samples

Belle I1 / SuperKEKB
performed an energy scan
in November 2021 with a
total luminosity of 19 fb!
with main goal to confirm

and study the Y (10753) :

L Belle II collected the
data in the gap between
the Belle points

1 The point with the
hightest statistic is near
the peak
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arXiv:2401.12021

Study of Y(10753) decays to n*nY(nS) final
states at Belle II

Born cross sectoin [pb]

w
o

THITHI‘ TIIITHI‘ IHITHI\ HIIII T T

w

2.5

1.5

0.5

-05 &

Y(5S)

‘:’ Belle data, nxY(1S)
4+~ Belle Il data, trY (1S)

Y (1S)
)

¥(10753) H

TTT I TTT _IIH Hll] \IIIH\ IIIH] \IIIIIHIH Illl

Illlll

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

- Belle data, nxY (2S) % Y ( 5 S)

—#- Belle |l data, nnY(2S)

Y (2S) r@o753)

1}— Belle data, nxY(3S)

—+ Belle Il data, iy (38) Y(107 5 3)
Y (3S) 0.2

105 10.6 10.7 10.8 109

Center of mass energy [GeV]

The state Y (10753) was observed by

Belle
JHEP 10 (2019) 220

The dip on the open bottom cross section
likely caused by the interference between

BW and smooth component
CPC 44, 8, 083001 (2020)

Mass does not fit the Y (3D) predictions:

Hybrid? Tetraquark? Molecule?
Belle Il confirms the peak!

Belle + Belle II (MeV) Belle (MeV)

MY(10753) 10756.6 2.7 0.9 | 10752.7 + 5.9+07

I'yao7s3) 200+88+12 | 35517639
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arXiv:2401.12021

Study of Y(10753) decays to n*m’Y(nS) final
states at Belle II

Events per 20.0 MeV/c?

Events per 20.0 MeV/c?
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¢ No signal of intermediate
7Z,7(10610) or Z,,*(10650)
resonance is observed;

o Y (1S) : M(mrtm) distribution
is consistent with PHSP

o Y (2S) : large values of
M(mr*mr) which is similar to
Y (2S) to m*rY (1S)



Observation of ete- — wy

PHYSICAL REVIEW LETTERS 130, 091902 (2023)

L)(1P) and Search for

X, — wY(1S) at \/s near 10.75 GeV

Y (10753) and Y(4260) might have similar nature, and Y(4260) was observed in oy, and yX(3872)

o(e’e—ay,_) (pb)
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B Measured ratio:
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o(Y(10753) = wyyy)

L =13+0.6

-®- Belle Il data Belle II, 1.6, 9.8, and 4.7 fb™ |
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4 Prediction for a pure D-wave state: 15 PLB 738172 (2014)
4 Prediction for a 4S — 3D mixed state: 0.18 - 0.22

P

PRD 104, 034036 (2021)
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0.15 at Y(55) GeV
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olete™ = wy,) { 1.5 at Y(10753) GeV

olete- —» Y(nS)mtn-)

indicate different internal structure

J
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PHYSICAL REVIEW LETTERS 130, 091902 (2023)

Observation of e*e- — wy,(1P) and Search for
X, — wY(1S) at Vs near 10.75 GeV

10F — Total fit 's=10.653 GeV | ~— ¢ Vs = 10.701 GeV | .
- © & 0Ky, _ of X(3872), is observed!
— - “-ie Expected xh memie Expected Xb
~ S I BT Smooth bkg 1
2 15
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=
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11}
10.653 (0.14-0.55) pb
10.701 (0.25-0.84) pb
10.745 (0.06-0.14) pb
10.805 (0.08-0.37) pb

Reflections of e*e~ — wXp)(1P)
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PHYSICAL REVIEW D 109, 072013 (2024)

Search for the ete~ — n,(1S)w and e*e~ —
Xbo(1P)w processes at Vs = 10.745 GeV

2 No significant w 7,(1S5) signal is observed.

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

2 o(ete” - wn(15)) < 2.5 pb

Ratio:

o(wny,)
o(ztn=Y(nS))

P

<1.25

2 Prediction for a tetra quark model: ~30 crc 43 2019) 12, 123102
2 Prediction for a 4§ — 3D mixed state: 0.2 - 0.4

PRD 109, 014039 (2024)

—e— Data
— Total fit

Belle 11, 9.8 fb™

Vs = 10.745 GeV
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recoil T T0) [GeV/c?]

11



arXiv:2405.18928

Measurement of the energy dependence of
the ete~ — BB, BB*, and B*B* cross sections
at Belle II

3 Belle ¢ Belle |l BB <* The open flavor final states make
dominant contribution to bb cross-
section, and the measured cross
sections can be used in the coupled
channel analysis of all available

scan data to extract the parameters
of the Y states.

+* The obtained cross sections at four
energy points are consistent with
Belle results

< Rapid increase above B*B*
threshold, which is similar to D*D* :
bound state near threshold?

12



arXiv:2405.18928

Measurement of the energy dependence of
the ete~ — BB, BB*, and B*B* cross sections
at Belle II

re) o) *) = (k) u =
(= 2— — c ( ) (P) [
o I ;{ ¢ total o(bb) - 05F B; °B; E:Y(SS)
g o % o(BB) + o(BB*) + 6(B*B*) — Belle 2
° L ¢ o(BB) + 6(BB*) + o(B*B*) - Belle | ° i
150 ! 0.4
% 03}
T
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0.5 ‘ I
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2 Saturate the o, cross-section below the BB{" threshold.

2 Previously observed deviation at high energy is presumably due to B§*>B§*>, multi-body BOBMz(7), etc.



Events / 50.0 MeV/c?

JHEPO8(2023)121

Search for the double-charmonium
state with n J/y at Belle

Events / 50.0 MeV/c?

12¢ — % Observation of enhancement in prompt double J/y
10f Bluerbkg in fit production at the LHC: pure charmed four-quark
. state?
8
6 % Simultaneous fit to exclusive (;.J/y) and inclusive
4t (yISR recoil): Significance for Breit-Wigner
oF contribution is 2.1¢
0: PR T T S .. TN TR T T I SR T S TE..| N S T T
6 6.5 7 75 ¢ The cross sections for ete™ - nJ/y nearest the threshold
M(n J/y) (GeV/c?) e : : . :
° are significantly larger than in neighbouring bins.
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» The hadronic transition, h,(2P) — Y(1S)n, is suppressed
by heavy quark spin symmetry, and isospin violating
transition hy(1P,2P) — Y(1S)n? is further suppressed

Preliminary result

Evidence of hy(2P) — Y (1S)n decay and search for
h,(1P,2P) — Y (1S)n’ with the Belle detector
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9.75

9.50

BL"EL']

(10610) g™

Total PDF
h,(2P)—>Y (1S
Y(58)—>be(1 Pyt

» Based on 120 fb-1 Y (5S) data at Belle, we got:
< B(h,(2P) = Y(1S)n ) = (7.1737+0.8)*103, much
smaller than prediction in PRD 86, 094013 (2012)
< B(h,(1P) > Y(1S)® ) < 1.8%10-3
% B(h,(2P) - Y(1S)n ) < 1.8*10-3
o5r —— Total PDF o 5F
> 4 @ 3.0 || REPHYISN | = ()
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M,, (GeV/c?)

~.]
10.28

103 1032
M (GeV/c?)

15




The decay is highly suppressed due to
heavy quark spin flip.

Relativized quark model predicts the Br to
be 106 to 10 prp 32, 189 (1985)

Couple channel effect predicts 102 to 101
PLB 760, 417 (2016)

Channel B

hy(2P) — vxb2(1P) <1.3x1072
hs(2P) — vxb1(1P) <54x107?
hs(2P) — yxbo(1P) <2.7x107!

Results are consistent with the Relativized
Quark Model (RQM)

Preliminary result

Search for h,(2P) — vy, (1P) at Vs = 10.860 GeV
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Data events/(10 x 5 MeV?/c?)
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arXiv:2403.04340

Search for a pentaquark state decaying into
pJ/W in Y(1,2S) inclusive decays at Belle

Pentaquark states are observed in pJ/y in A, decays at LHCb

25 35
B —=— data of Y(1S) Z —=— data of Y(2S)
~ - (a) sideband - 30 - (b) sideband
L 20 signal MC & 3 ) signal MC
> S S O O A no-Pc MC > 25F e« | [ - no-Pc MC
é’ B ----- bkg from sideband § g s e bkg from sideband
" B . 2 ' No pentaquakr
Z 10f ¥ 150 plaler signal is
= - = E I ik
S I S 10§ observed!
B SE SN,
0:____'._‘ rimh o e e f s Blam el i s sl S ) 0:. 1 ey ity v & I,
4 42 44 46 8 5 4 42 44 46 438 5
M@pJiyp)  GeV/c? M@pJ/yp)  GeV/c?
5 T(1S) decays T(2S) decays
B(Y (1S)— pJ/y+X)=(4.27+0.16+0.20)<10- T [P.(4312) T P.(4440) " | P.(4457) 7 | P.(4312) | P.(4440) T | P,(4457) T
NA 10+8 | 14+12 [ —3+9 [ 30+16 | 33+£15 | 0+3
NjyUE 26 37 14 52 60 6
B(Y'(2S)— pJ/w+X )=(3.59+0.14+0.16)x10 NB 1048 | 12411 | 3+9 | 29412 | 31415 | 0+3
Nyt 26 33 17 50 57 7
NJE 31 47 34 56 77 26
o( pJ/y+X )=(57.5£2.1£2.5) fb at 10.52 GeV BUL (x1075)| 45 6.8 4.9 5.3 7.2 2.4
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Event (20 MeV/c?)
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PHYSICAL REVIEW LETTERS 130, 031901 (2023)

Evidence of a New Excited Charmed Baryon
Decaying to X .(2455)0 ++ mt*

4.20 after considering possible Ac(2880)+ or Ac(2940)+ contribution.

N
o
|

—— Data

“TQ\ - ( —— Total Fit “TQ\ (C) — ?::; Fit
> 30-_ -------- Backgrooun_d > 40 ]
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; . 0 2?8 é 3. 2 3. 4 ¢ 278 é 3. 2 3. 4
MZ casey (GEV/CY) M passps (GEV/CY) My, 2455y (GEV/CY)
State Mass (MeV /c?) Width (MeV)
A.(2880)* 2881.63 + 0.24 5.6158
A,(2940)* 2939.6113 208

[AC (2910)* (this analysis)

2913.8+ 5.6 + 3.8

51.8 + 20.0 + 188 }
~ 18




PHYSICAL REVIEW D 107, 032008 (2023)

Measurement of the mass and width of the
N.(2625)* charmed baryon and the branching
ratios of A (2625)* —X%t* and A (2625)* —XZ++Tt-

A Dalitz plot fit is performed in the A,(2625)" — A m+1— final states, with 1C constrain to the A, mass

Candidates / (0.75 MeV/c?)
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\
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= (5.13£0.26 £ 0.32)%.
J

These information could be used to check a few models: chiral and heavy quark
symmetry, 3P, model



arXiv:2406.15965

Search for charmed baryons in the A.*n system and
measurement of the branching fractions of A (2880)+ and
N\.(2940)+ decaying to A.*n and pD? relative to X (2455)m

:_(a) +-Data —Fit wof—(b) + Data —Fit C . .f: . .
% i oy rgsior| Y s oo —nesor| % NoO significant excess is found in the
c S0 Bkg o W -~ Bkg M(A.n) spectrum. This is in contrast to
o s 250F LhHupn it )
TR BN s BT IIN S) excited hyperons, where resonances
£ "% g™ s~ N decaying into An have been observed.
Lﬁ 200:— UCJ 50'
085 29 265 3 305 31 315 085 29 295 3 305 31 315 o + + oo
are observed in the pD® mass
., “o0oof-© e G @ tosa  —rn spectrum.
035000 e A(2880)" - A(2940)* L 3000f e A,(2880)" -+ A(2940)*
Esoooo; - BKg E 2500;_ -.- BKg
25000F .
© ook © % Ratio to 2.(2455)m :
,§1sooo§— O TR Nt
" 10000} c E i ;
St . G osof R,,p0(2880) = 0.75 + 0.03 = 0.07,
Y T TR T R Y T Y R T I T I B Y T kT R,p0(2940) = 3.59 4 0.21 + 0.56,
M(pD®) (GeV/c?) M(Z(2455)m)[SR] (GeV/c?)

¢ Any signal in A'n is likely to be an excited A, rather than a X, as for the latter decays to At are
allowed by isospin and are likely to dominate

¢ Much attention has been paid to the pD° system as an analogue to the NK system, where there
exists A(1405) resonance as a NK quasi-bound state near threshold 20
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PHYSICAL REVIEW D 108, LO31104 (2023)

Observation of a threshold cusp at the An
threshold in the pK- mass spectrum with A.* —
pK-mt* decays

a) 0 An
: % BW fit is not very good
~ 20
£l - especially near the peak
§10— 0
£ } % Faltte fitis better than BW
é -
L 1 £ 1o by 70
2 oé‘* By g oy, ARITR .'\;—-;,':'e;:‘é
-2 : i . Vil . .
T Ak ¢ The fit explains the peak as

M(pK) [GeV/c?]

a threshold cusp with
nearby A(1670): First
identification of a threshold
cusp from the spectrum

Strength [arb. units] Efficiency-Corrected Events / 1MeV/c?

Efficiency-Corrected Events / 1MeV/c? @

shape
aF 1 3 ohodErhilEh) .,«;.;_5.‘,'2-",{ {-f,.'-%".’,v,;’,.‘::: :-".f i_._{:’,‘. PR . ..
s2balie et L Broer] & R AT TUERRT IITRIESTRCTERL  I Amplitute analysis is
& Mh "’;%-:‘f;*ff"-""~7‘§7”' SPTATTT 2F 7 RSO E S -
O L R R i S fomed also f
155 1.6 1.65 1.7 1.75 1.55 1.6 1.65 1.7 1.75 per omea also Tor

M(pK) [GeV/c?] M(pK') [GeV/c?] cross check
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Counts / 2.0 MeV/c?

Pull

Counts / 2.0 MeV/c?

Pull
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PHYSICAL REVIEW LETTERS 130, 151903 (2023)

First Observation of Ant* and Ant- Signals near
the K'N(I = 1) Mass Threshold in At Attt -
Decay

_________

.......

0_
ot

f,'i f*“ it “ﬂ W) il Hfl M*i, bohi *f iy h i

1.35

14

M,

x10°

145 15

.Breit-Wigner [GeV/c?]

1.55

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

2_
0_
ot

i % 4

1.35

1.4

1.45 1.5

M, Dalitz [GeV/c?]

1.55

Cusp candidates are observed
in Aminvariant mass spectra;

Dalitz model gives slightly
better x2, but the difference

is small:

BW interpretation:
implies the existence

of an exotic state,
2 (1435)
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Summary

As B-factory, Belle (II) continues the studies of
conventional and potentially exotic hadron states:

[ Confirm the existence of ¥ (10753), and further investigate its nature

O Open bottom cross sections are measured, which are important to
understand the vector bottomonium states

O Double charmonium state with n.J/w is searched, and significance is low
O h,(2P) is studied with more decay mods

O Pentaquark in pJ/w decay mode is searched in ¥ (1,2S) decays , and no
signal is observed

L Charmed baryons are stuied, and new features, such as cusp effect, are
found in the decays
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Prospects : More data will come!

Belle Il Online luminosity Exp: 7-33 - All runs
175 4. |ntegrated |uminosity ..................................................................................

— B Recorded Weekly .
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Our official message: "We are back to the conditions of end of Run 1 with instantaneous luminosity close
to 4x10"34 with LER/HER currents above 1A (LER) but we are still suffering from sudden beam loss
events, with sometimes large doses at IR (happened few times in 3 months). This is why we have decided to
turn off PXD for now until we understand better the origin for these events. The PXD is still operating
well, with 98% of the channels live. However, to preserve this high level of performance we have decided
to turn it off for now until the sudden beam loss events are understood and beam operations stabilize, as
Run 2 will be long."
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Thanks very much!



