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If we gssume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "etrhtfold way" 1‘:”, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical '"bootsirap'’ model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry {rom sell-consistency
alone *!. Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the gelection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

A SCHEMATIC MODEL OF BARYONS AND MESONS

The COM Model

# Gell-Mann Zweig idea: Constituent Quark Model (CQM, 1964). Still valid after 60 years

*
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ber ny - n would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin § and

2 =-1, so that the four particles d-, 3, u% and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the bagic
baryon b if we assign to the triplet t the following
properties: spin &, z = -3, and baryon number }.
We then refer to the memhers u.i, d'%, and 573 of
the triplet as "'quarks" 8) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
{qaq), (aggad), etc., while mesons are made out

oi (gd), Eﬁj_@, ete. It is assuming that the lowest
baryon coniiguration (g qq) gives just the represen-

tations 1, 8, and 10 that have been observed, while SCh

the lowest meson confizuration (g q) similarly gives
just 1 and 8.
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In general, we would expeat that baryens are built not only from the product

AAA,

btut also fror M..MJ..I AAABARL, ete,, wheTe A

¢f three aces,

denctes an anti=ace. Jimilarly, mesons could be formed from IA. R_MA

etcs For the low mags mesonsg and beryons we will assume the simplest

poasibilities, A and AMA, that is, "deuces and treys",



The COM Model

QCD describes the force binding quarks into hadrons
Perturbation theory: limited applicability at scale corresponding to

. . B d-blue-
the separation between quarks inside hadrons 1 e

. . triplets
Many models available to describe spectra and properties of hadrons A=usd
QCD-motivated models predict the existence of hadrons with more v .
esons are color-anticolor
complex structures than simple qq or qqq. .. pairs
Tt

Lots of experimental effort to prove it! =ud

The study of Charm-onium(-like) spectrum (c(c) + xx) and Bottomonium spectrum (b(b) + xx) have
uncovered a number of candidates that seem not to conform CQM expectations

Exotic states predicted to exist in the light meson spectrum
— difficult to disentangle from the dense background of conventional states

Charmonium spectrum provide a cleaner environment: cc + xx exotics easier to identify

‘ » See Belle Il talk on Thurday, S. Lange
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What are the possibilities?

Tetraquark Molecule _k g4 -gluon hybrid
; I ly b d mesons

Tightly bound .
: meson-

d'q?"afk & antimeson

anti-diquark B oL
Pentaquark | H di-Baryon

. ' Glueball

Color-singlet multi- &, , 3
gluon bound state a

Tightly bound
6 quark state

...and superimposition of states. Everything which does not fit CQM!
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Where to find these new multiquark states?

Direct production in e*e collisions BES]]I

Production in B - Kcc L)

) * — =g
s Photon-photon scattering yy - (CC)

_ _ D
s Double charmonium e*e - (cc)(cc)

CMS
Prompt production % ATLAS g

Direct production in pp ~ Sanda (27)
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= How to find multiquark states?
Choose the right detector, make your analysis!

* Interplay between theory-experiments: the infinite loop

the_O ry \)0\194V
ol e eW/ e

OS
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@ B-factories

Annihilation at smaller energy

01/08/24

Two photon
Double C= p -

charmonium & production

J even
C=+1

cc states produced
without additional
hadrons.

)y

Reconstruct J/W and
look at recoil mass

Quarkonium decay/transitions

' w
/7
>
e_

e’ >
\-
T

Advantages @ B-factory

“Clean” events
Huge data sets available
> Several mechanisms to

search for exotics
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@ B-factories

Double Two photon

production ol

charmonium e

e_
J even
C=+1
+
e ol
cc states produced et
Reconstruct J/W and J/\|J without additional
look at recoil mass hadrons.
Quarkonium decay/transitions
® o Disadvantages @ B-
’L».\.. factory

. 3 e - No all J*¢ in production
% > Small cross sections

Annihilation at smaller energy
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Resonance BaBar Belle
Y(33) 121 M 12M
Y(25) 98+(3} M 175 M

Y(1S) (23) M 113+(32) M

> 1 ab™!
On resonance :
Y(55): 121 b !
Y(45): 711 !
Y(35): 37"
¥(25): 25 bt
YilS): 6 fb '

Off reson./scan:

~100 b

~ 550 fb!
On resonance :
Y(45): 433 b
Yi3s): 30 b
Yizs): 14"
Off resonance :
~ 54 fh!
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...and the story continues

Belle Il Online luminosity Exp: 7-26 - All runs

I Recorded Weekly

- 300

=
o
o

Total integrated Weekly luminosity [fb—1]
Total integrated luminosity [fb~1]

0.0

e

Date

Updated on 2022/06/22 18:14 ST



The Belle Il Detector

Belle Il

Super conducting coil
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Belle
arxXiVv:1011.0352
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The Belle Il Detector

TR ! PE B
Vertex detector ™ BE’I& l’ SIDE VIEW
4 SVD layer = 2 layers -
DEPFET + 4 layers DSSD Super conducting coil |
Expected resolution of
~25um while in Belle ~50um /© (1 e e LG T T T
T N[ | e L
: : SNLANRAARBRY S o l.’-'._'-'* 1] INIRERENN .
) i ; =
o/ | 0 o ‘]3
é? S g cDC gg ‘E_ g I
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1

| Belle
arxXiV:1011.0352
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The Belle Detector

Vertex detector
4 SVD layer > 2

DEPFET + 4 layers DSSD
Expected resolution
~25um while in Belle ~50um /*

Belle Il || |ei0E

per conducting coil

I Y TR R o o O o IR

AT =\ N A am

T8l ims

CcbhC

Larger volume drift chamber,
smaller drift cell. Faster

11| electronics

e e . S

g

cDeC §
=3
PXD(2 layers)

[ g

- [T f
T d |I'|II-L'

arxiVv:1011.0352

Belle
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The Belle Detector

Vertex detector M [ BE"& l’

4 SVD layer = 2 layers

DEPFET + 4 layers DSSD Super conducting coil

Expected resolution of

e .

~25um while in Belle ~50pm /= s T e
1 [ W Csl 7
LI RN By i

cbc N——————BarrelPiD

Larger volume drift chamber, !

smaller drift cell. Faster cbc
|| electronics VD PXD(2 layers)

: Y. \ \5.10 570/ / g
) 4 acs[ 3 — §

! e ' IP Chamber

/PID N pon >

More compact. Time of cDC

T O o o [ests
Z ACCS S X2 850 | —

Propagation (barrel) and prox.

foc. ARICH (Endcap) is used. =t -
Provide better K/m separation |- : c8l ' -

with worse background koo g A A

condition.

t / |
(AT Belle
arxXiVv:1011.0352
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The Belle |l Detector

Belle Il
4 SVD layer = 2 layers

DEPFET + 4 layers DSSD Super conducting coil
Expected resolution of
~25pum while in Belle ~50um _/«© " {1 e 0 e

_ | N | RPRRDNEROSNIISS S
NI —fReNL e e
cDC { —PBarrelPIB
Larger volume drift chamber, !
smaller drift cell. Faster cbc
| [Reeskienies VD PXD(2 layers)

i
%

g
”7 I T &=
/PID N P— Old crystals are used with
More compact. Time of cDC modified waveform sampling

Propagation (barrel) and prox. | =17 7T . | electronics to reject pile-up B
foc. ARICH (Endcap) is used. ~| events. -
Provide better K/m separation | : o Wy
with worse background A i A R [ el
condition. / :
I Belle
arxXiVv:1011.0352
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Belle Il Detector

The

Vertex detector

4 SVD layer = 2 layers

DEPFET + 4 layers DSSD

Expected resolution of
~25um while in Belle ~50um /*~ 175 | Resistive place counter

—  Belle ll

Super conductir— ==

KLM

833 ; sl =s
) T 7

B | A\

(Barrel)

cDC
Larger volume drift chamber,
smaller drift cell. Faster
11| electronics

Scintillation + WLSF + MCCP

i

= ”7 8
ﬁID =

More compact. Time of
Propagation (barrel) and prox.
foc. ARICH (Endcap) is used.
Provide better K/m separation
with worse background
condition.

— Old crystals are used with

cDC modified waveform sampling

D electronics to reject pile-up
OF events.

-*fJ’r‘nCSI : T e e Y N RN TRTRNRRRNRNER HH .
ECL crystals and part of KLM sub-detector are re-used.

' (endcap) }

Belle T |||||I_I|NLL

\
AT

arxiv:1011.0352
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Topics of this talk

s Heavy-light systems at Belle and Belle Il
- DD, analysis in the continuum
s Pentaquarks search at Belle and Belle Il

s Bottomonium at Belle and Belle Il

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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The heavy-light systems

s Recent boost to the search for cs (and double cs) resonances:

LHCb and Belle

s \ery interesting case:

s-quark (light) + c-quark (heavy)

s Can we make predictions?

s Perturbative calculations work pretty
well for the heavy sector, and should
be also in the heavy-light systems:

but....

01/08/24

Elisabetta Pren:

Mass (GeV/c?)

D+(3040)?
) D33(2860’+_
Ds1(2860)* |
e 1521 (2700)"
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___________ DL (2536) |
24 ¢ Dsl(2460)+ h
¥ 4 DK
I ® Dso(2317)* :
2.2 - DS*+
I = — Godfrey/Isgur (1985)
Ds* Di Pierro/Eichten (2001)
2~ ® Observed
S =0 1 0 1 2 3



The heavy-light systems

s Recent boost to the search for cs (and double cs) resonances:

LHCb and Belle

s \ery interesting case:

s-quark (light) + c-quark (heavy)

s Can we make predictions?

s Perturbative calculations work pretty
well for the heavy sector, and should
be also in the heavy-light systems:

but....
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Mass (GeV/c?)

D+(3040)?
” D.3(2860)"
D:1(2860)* |
e 1521 (2700)"
> 6| Dso(2590)* L. P.SZ.(__2575)
___________ ~2D(2536)" | v
v - ¢ D51(2460) 7]
+ 4 DK
I ® D«(2317)* :
2.2 I~ DS*+
I e — Godfrey/Isgur (1985)
Ds* Di Pierro/Eichten (2001)
2= ® Observed
JS= 0 1 0 1 2* 3 3



How has the cs-story begun?

Phys. Rev. Lett. 90 (2003) 242001 BaBar, accepted 17 June 2003

Observation of a Narrow Meson State Decaying to D+5T[0 at a Mass of 2.32 GeVI/c?

990 citations

01/08/24 Elisabetta Prencipe - Hirschegg 2024 22



The puzzling case of the Dso(2317)™" and Ds:(2460)*

BABAR, PRL 90 (2003) 242001 BABAR, PRL 93 (2004) 181801

{ij‘ D;—*K+K_?T_ 60:_'||IIII|I ! DSJ(ZJ:()O) —P’D*—I— O

—

4[]:_ II| _
| H _5

+#
P (it

20 |
é I" 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i
2.3 2.4 2.

NS LLLLI LA L e b s L it
M 3

%]

[4]

0 p+H
60 F

J[J[D — KtK—nt7° DsJ 240[]) — D+

Entries/10 MeV/c?

T N . _:
3 oo £ f *'ﬁﬂfﬁ} e % i %r i#mﬁi*ﬁw* | E
T 40 i— 1}+H+ 20 + +++ fif } :
N ‘ #

T U||||||‘1
X 2.2 2.3 2.4 2.5 22 23 24 25 26 27 28

m(D, %) Gev/c* m(DSJ{‘}H) [CEWCE]
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CS meson Mass
(MeVIic?)
Ds* 1968.35+0.07
Ds™ 2112.2+0.4
Ds(2317)* 2371.8+0.5
D«1(2460)*  2459.5+0.6
D:1(2536)* 2535.11+0.06
D«1(2575)* 2569.1+0.5
Ds0(2590)* 259149
Ds1(2700)* 2714+5
Ds1(2860)* 2859+27
Ds3(2860)* 2860+7
Ds,(3040)* 3044+3

01/08/24

Width 1(3F) Experiment
(MeV)

0(0) MRK3, CLEO, etc.
<19 0(??) MRK3
<3.8 0(0%)
<3.5 0(1%) :

0.92+0.05  0(1%) & BCSII D@ ALEP
16.9+0.7 02 & BeST (el
89+20 0(0) Baeg
122410 0o(1) & %
159480 0(1) &
53+10 0(3)
239+60 0(??)

Elisabetta Prencipe - Hirschegg 2024
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Remarks on ¢s mesons

s Charged particles

s Perturbative calculations cannot explain the whole spectrum:

Ds0(2317)™ and Ds1(2460)* are not isolated cases

s High interest in understanding the cs spectrum:
heavy-light systems analyzed as a probe of chiral symmetry

s Analyses in the continuum at B factories offer a useful tool

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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Regge trajectories for Ds: an experimental view

—
o

M [GeV//c?]

: : : : \\7
Ds1(2860)" D51(2860)++

__________ T U R N N
é D31§(246O)+ : é

0} 1 0* 1+ 2+ 3 3
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Test of chiral symmetry breaking (1)

* Ds(2317)™" and Ds1(2460)* : many different theoretical interpretations
- pure cs mesons
- dynamically-generated molecules
- four-quark states

- first chiral partners of hadrons theoretically built out of light (s) and heavy

(c) quarks; etc...
they represent rather a pattern of spontaneous

breakdown of chiral symmetry than isolated events!
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Test of chiral symmetry breaking (1)

s (u, d, s) light quarks; (c, t, b) heavy quarks

s Spontaneous breaking of chiral symmetry characterizes the light sector, while the heavy
sector exhibits heavy-quark symmetry

s \What happens in the heavy-light systems?
s Assume the limit: light quark massless, heavy quark with infinite mass =

the spontaneous chiral symmetry breaking yields a mass splitting of the chiral doublers
of about 345 MeVIc? (when the pion coupling to the doublers is half its coupling to a free
qguark)

s This mass splitting never observed in the Bs sector =
this measurement in the Ds sector even more intriguing

s \What is the status-of-the-art in the Ds sector?
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Study of chiral symmetry in the Ds

Mps* — Mps 1438104
Mpso(2317y* — Mps 349.4+0.5
Mps1(2460) — Mps* 347.3x0.7
Mps1(2460) — Mps 481.1+0.6
Mps1(2536) — Mps* 422.9+0.4
Mps1(2536) — Mp+ 524.85+0.04
Mps1(2536) — Mpo* 528.26+0.05
Mps2(2575) — Mpo 704.0+3.2
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Studly of the ccss resonances

s Proposal shown at HIRSGHEGG2018 (DFG project https:/gepris.dfg.de/gepris/person/324081743):

Physics process under study Mass Range [GeVIc?]
B- JyoK [4.117-4.78]
Analysis in the continuum: e*e -~ DsDs; A,

e'e” - JAPPA, A = anything else [4.117-6.765]

(Ds)®) = Dso(2317)/Ds1(2460))
B - Ds(*)DsJ(*)TIJO
ISR: ete” & YISRDstJ(*)

s Many possibilities, in 2018 almost nothing explored!
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Candidates / (10 MeV)

Candidates / (10 MeV)

B J/WoK

B* - JAUPK*

E T
700 == x4630)
F— xs00)
E— x@700)
500 F— x NR
400 f_— X(4140)
F— xu274)
F— X685
200 F— xw@150)
Fa= 7,(4000)

é == Background
300 - == Total fit
200 F ==Dataom™

%bg Phys. Rev. Lett. 127 (2021) 082001

LHCb

LHCb

LHCb i ! LHCb

0O

C
_JI
v

0l

2 4.2 44 4.6 48 36 38 4 42
My [GeV] My |GeV] UL [GeV]

Full amplitude analysis!
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B J/WoK

M, - charged

A. Thampi, PhD (2021), Belle § e T 5
8 120H o= 0. + 0. —
https://hss-opus.ub.ruhr-uni-bochum.de/opus4/frontdoor/deliver/index/docld/8685/file/diss.pdf & H ::3241;)5 2:9 ]
S 1000 Nyg= 349 = 1 M
E 80:— argshape = -16.01 + 2.9 e
B* JJWOK®, J/W . ete~ or prp-, @ - KK~ T ol i L i O
BO - J/W®DKO, J/W - e*te” or p*u~, ® - K*K~, KO - TT+1m- soF T FoA S
C T %
201 f LU": .

Mode Efficiency, € (%) BF (x1077) PDG value (x1079) Ratio(B"/B*) Q5 EhT b e b e 557r o850
M, [GeV/c®
B* — 17.87 + 0.09 435+ 0.31 £ 0.19 50+04 b [GEV/ET)

0.48 + 0.10 + 0.04
JppK=* M, - neutral

BY — | 8944009 | 2104+ 0.30 + 0.07 24+ 0.5 % F R sEiss0Tescoss T T
3 H o= 0.00339 +0.00040 =
J/ VoK S P°F Myg=235+18 E
= 0 Ny, = 84 +12 ]
E 20 H argshape =-32.44 + 9.6 B
: : & 1sp i 4
Excellent agreement with former BaBar analysis, o J( + 4 |
PRD 91 (2015) 012003 and PDG. 5 ] i

g.2 521 5.22 5. 3 .24 5 25 5 26 5 27 5 28 5 29
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https://hss-opus.ub.ruhr-uni-bochum.de/opus4/frontdoor/deliver/inde
22 x/docld/8685/file/diss.pdf

(3 - (Ashish Thampi PhD thesis)

- 18

s s Main issue found with efficiency: not smooth

E of (problem see in BaBar and Belle data)
10F
st N\ AL T T R UL T ) . .
sff | .o * 4 . s pdf function corrected for the efficiency
4 - l e
2 ‘. . . " "
P s Limited statistics: need to perform a full

ki amplitude analysis with full Belle 11 data
Belle

— 10_ —~ o4

i [ B Nf £ B

s 8 -

= S 18

£ oL g 1o

@ i M
i

12 'f \ f

10 - -

o | whj ] L
g II ."'-
(]

=S
- & N
26 0 P R S SRR SN S

a7 M L1
M, [GEV/c?] 36 37 38 3.9 4 a1
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Events / { 0.02 GeV/c®)

Events / ( 0.02 GeV/c® )

Combining BaBar and Belle data

My homework:
BaBar: Phys.Rev.D 91 (2015) 012003

Belle: s://hss-opus.ub.ruhr-uni-bochum.de/opus4/frontdoor/deliver/inde
x/docld/8685/file/diss.pdf

(Ashish Thampi PhD thesis)

Fit parameters for the X(4140) fixed to:
PRL 127 (2021) 082001

42 4.3 4.4 4.5 4.6 M‘” :f[GeV/CE]
16 Total luminosity: 711 (BaBar) + 424 (Belle) =
£ 126 B%events 1135 fbL
‘ Total B*: 461 events
13 Total B%: 126 events
s e i AL JTWL EiE Full amplitude analysis will be performed with Belle I
2 [, | isabetta Prencipe - Hirschegg 2024 34
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https://hss-opus.ub.ruhr-uni-bochum.de/opus4/frontdoor/deliver/index/docId/8685/file/diss.pdf
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The infinite saga of the X(4140)

WEIGHTED AVERAGE
4146.5+3.0 (Error scaled by 1.3)

’

From PDG 2023:

And the width?
14162 MeV...

2
X
I AALJ 21E LHCB
- -\------AALTONEN 17 CDF 1.1
----- ABAZOV 15M DO 1.1
- - ABAZOV 14A DO 2.5
------- CHATRCHYAN 14M CMS __ 0.1
4.8

(Confidence Level = 0.189)
| I | | l |
4120 4130 4140 4150 4160 4170 4180 4190
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Study of J/Y@ via two-photon Iinteraction at Belle

Jhpp, PRL 104 (2010) 112004
8 4350

s 825 fb-! integrated luminosity (Belle)

6 N =882 M =[4350.672¢(stat) + 0.7(syst) [MeV/¢?

[ = [13738(stat) + 4(syst)] MeV

Entries/25 MeV/c?

* Need to repeat the analysis with full Belle Il data

Today we know that for X(4140) J°¢ = 1**
But what is the X(4350), if confirmed?

M(0J/y) (GeV/c?)

s X(4350) mass consistent with predicted ccss tetraquark (J. Phys. G37 (2010) 075017)
s Compatibility with DD (2317)- molecule state (prediction: CTP 54 (2010) 1075)
s Compatibility with possible .. charmonium state (prediction: PRL 104 (2010) 122001)
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cross section (nb)

ccss search via ISR

Analyzing e"e—D_"D_", e'e =»D_ "D, efe =D _D. "
S S S S S

s 'F;Z'D?SZ (2010) 052004 via ISR BaBar looked for the Y(4260)
| 4(4160 \I/ 1
A [ B(y(4260) » DiD;) -
L + B( y(4260) = Jjomta—) =~ 0
w(4040) By (4260) — D**D_) <
o5 B( Y(4260) — Jjvmtn—)
H’ + B(Y/(4260) — D2+ D)
H # +++++ B(y(4260) = Jjomra) 0
0 R T T A R R W | [ | 1 | R
4 4.5 5 5.5 6
m(D¥*, D7) (GeV/c?)
If Y(4260) is 1 charmonium state, it should decay mostly to open charm
If Y(4260) is a tetraquark, it should decay to D_'D_*
01/08

it does not happen @95%c.l. with 525 fb™* (BaBar data set)!



ccss search via ISR at Belle

PRD 83 (2011) 011101

Found evidence for the X(4040), X(4160) and X(4415)
Integrated luminosity: 967 fb*

Eo6p | | 2 =0.8F :
%0‘6; ? % ‘5’063— + c)
04F T 0s
oy )
ol + #ﬁﬂ#ﬂhﬁﬁﬁg . 0 ‘|5|> +~H J[ +_H.
- - .
38 4 4.2 4.4 4.6 48 5 4 42 44 46 48 5 42 48 =

01/08/24

M(D_+D_-), GeV/c’

M(D_+D ), GeV/c®

Elisabetta Prencipe - Hirschegg 2024
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ccss search via ISR at Belle

PRD 83 (2011) 011101
=~

0.3 — X(4040) EX(416O) : X(4415)

| | | | |
42 44

4.6

4.8 S

| M(D_*}+D (9-) GeV/c
TP o0
R = olete™ —  hadrons)/o(ete™ — ptp~) More data are needed!

\ | Belle Il will help to solve the puzzle
o(ete”™ = pt ") = dna’/3s, P P

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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Need to look at the Ds'Ds;") invariant mass!

Belle and Belle II:
excellent calorimeter performance to detect low energy
photons (down 48 MeV/c),
essential ingredient for the analysis of the Ds; resonant
states below the DK threshold

ISR physics, two-photon interactions and continuum:
unique physics cases at e*e” detectors

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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Results in ISR at Belle: X - Ds*Ds1(2536)-

o~
o
T

o
[w]
T T

Events/20 MeV/c?
> 3

o
T T T

—— Data

D,,(2536) sidebands S. Jia
D, D,{2536) contribution

Total fit

....... Total background

------- Fitto 051(2536)' sidebands

------- Fit to D,'D,,(2536) contribution

M(D!D,;(2536)) (GeVic?)

0.2F

0.1

o x Br (nb)

T
l
T Jf lﬂﬁLq ’{} TH{TJr

4.5

M(D'D 1(2536)) (GeV/c?)

ete" »Ds*Ds1(2536) via ISR

First observation of the Y(4620)

JPC =1- compatible with Y(4660)
5.90 significance

Luminosity: 921.9 fb1
PRD 100 (2019) 111103

(49 8+}f§(sm) + 4. ()(syst)) MeV
T, xB(Y(4626)—D; D, (2536)7)xB(D,;(2536)" = D*K-)

=(14.313%(stat) + 1.5(syst)) eV
ta Prencipe - Hirschegg 2024 41



Events/20 MeV/c?

o x B (nb)

50

Results in ISR at Belle: X - Ds*Ds1(2573)

40—
30F
20"

101

—— Data S. Jia

—— D*_,(2573) sidebands

— Data fit

-------- Background shape
---- Sideband fit

%546474849 5 5152 53 5455 56

M(D;D",(2573)) (GeV/c?)

0.2

!
'lf J[#]ljr‘aqui]t{;ﬁ{}ﬂﬁv{-}i]ﬂi

5 55
M(D}D",(2573)) (GeV/c?)

ete »Ds"Ds2(2573) via ISR
Evidence of the Y (4620)
JPC =1-

3.40 significance

Luminosity: 921.9 fb!
PRD 101 (2020) 091101

=(4619.8182(stat.) £ 2.3(syst.)) MeV/c?
r=(47.017173 (stat.) & 4.6(syst.)) MeV
I,, x B(Y(4620) — DI D*,(2573)7) x B(D*,(2573)" — D°K-)
(14.7133(stat.) & 3.6(syst.)) eV

lisabetta Prencipe - Hirschegg 2024 42



Analysis in the continuum to search for ccss
resonant states

s Too little Is known
s Huge background, but higher efficiency

s Analyze the invariant mass on the recoil of anything else

s High potential discovery

01/08/24 Elisabetta Prencipe - Hirschegg 2024 43



Observation of cs meson pair production
in Y(2S) at Belle Prb 108 (2023) 112015

Data set: 24.7 fb!* @ Y(2S)

B(Y(2S) = DI D, (2536)7)B(D.,(2536)" = K~D*(2007)°) = (1.6 £ 0.3 £0.2) x 10~
B(Y(2S) = D:*D,;(2536)7)B(D,,(2536)" — K~D*(2007)°) = (1.4 £ 0.4 £ 0.2) x 107
B(Y(2S) - D{ D%(2573)7)B(D%,(2573) = K™D°) = (1.4 £ 0.4 +0.2) x 10~
B(Y(28) - D;*D:,(2573)" )B(Ds (2573)" - K~ D% = (0.9 £0.5+£0.2) x 107>

B(Y(2S) = DI D,;(2536)7)B(D,;(2536)~ — KOD*(2010)7) = (0.84 £ 0.18 £ 0.15) x 10~
B(Y(2S) = D:*D,;(2536)7)B(Dy;(2536)~ — KD*(2010)7) = (0.82 + 025 +0.19) x 10-5
B(Y(2S) » D{ D%, (2573)" )B(D;2(2573)— - K9D7) = (0.69 £ 0.20 £0.22) x 1073

(Y
B(Y(2S) = D D%, (2573)7)B(D%,(2573)~ = K°D™) = (0.54 £+ 0.31 £0.47) x 10~

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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Observation of cs meson pair production
in Y(2S) at Belle Pro 108 (2023) 112015

Data set: 24.7 fb-1 @ Y(2S5)

B (ete= — DD (2536)7)B(D. (2536)" — K-D*(2007)%) = (67 £+ 8 + 6) fb
oBom (et e > DD, (2536)7)B(D,;(2536)" — K~D*(2007)°) = (84 + 11 + 11) fb
B (¢te= = DF DY, (2573)7)B(D%,(2573)" » K-D°) = (56 £ 9 4+ 13) fb
oBom(ete~ - DI D, (2573)7)B(D",(2573)" » K-D°) = (106 £ 17 + 12) fb

Born

ete” = DID(2536)7)B(D.(2536)" — K%D*(2010)") = (34 £ 5+ 4) fb
ete” — DiTD(2536)7)B(Dy,(2536)" = K$D*(2010)7) = (41 £ 6 +6) fb
o5 (et e —» D} D*,(2573)7)B(D,(2573)" —» K%D™) = 27+ 6 £5) b

(ete™ — D;TD,(2573)7)B(D%,(2573)" —» K3D™) = (51 £ 11 £ 9) fb.

Recall: 5™ (ete™ — u"p~) = 0.784 nb @10.52 GeV
01/08/24

o”™(
aBom (

Elisabetta Prencipe - Hirschegg 2024
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Observation of cs meson pair production
in Y(2S) at Belle Pro 108 (2023) 112015

Dat t: 24.7 fb? Y(2S
Hase @ Y(e3) " 97423411 DD, (2536)

*—+ —
| 102 +3.3+25 DD (2573)

5

| 3.4+21+08 DD (2573)"

s Strong decays dominate in the Y'(25) — D{”" D, process

B(Dy;(2536)" = KOD*(2010)7)/B(Dy;(2536)~ — K~D*(2007)°) = 0.48 + 0.07 £ 0.02
B(D%,(2573)~ — KOD™)/B(D,(2573)" - K~D") = 0.49 £ 0.10 + 0.02 First measurement

Isospin symmetry
01/08/24 Elisabetta Prencipe - Hirschegg 2024 46



Study of the e*e - Ds*Dso(2317)"A and
e*e - Ds"Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT

PRELIMINARY
¢.ﬂ.+ Q57T+
e o W
D& ¢n'm D& ¢rtn’
Ae— e+e_/ Sk "(892)K ™ i e+e—/ ~ K*(892)K*
D3 (2317) pm D,1(2460) -
\WOD3<’ ¢mm \WDD'_—VYD_ Z» g: ™
| K*(892)K ¢ F

7Y
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Study of the e*e - Ds*Dso(2317)"A and
e*e - Ds"Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT

PRELIMINARY
¢.ﬂ.+ Q57T+
e o W
D& ¢n'm D& ¢rtn’
Ae— e+e_/ Sk "(892)K ™ i e+e—/ ~ K*(892)K*
D3 (2317) pm D,1(2460) -
\WOD3<’ ¢mm \WDD'_—VYD_ Z» g: ™
| K*(892)K ¢ F

7Y
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Study of the e*e - Ds*Dso(2317)"A and
e*e - Ds*Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT
PRELIMINARY

s Complicated cross-feed background to study

s Poor knowledge from theory: MC model not appropriate
s Still limited statistics with Belle, but...

SIGNAL MC

Ssoof- 0 = (4.76 1 0.8) MeV Lol 0= (11.8+03) MeV | 2 | 0 =(5.07£0.13) MeV 2 | o=(46+07) Mev
] r ¥ [5) L i 5} i 5 |
= = ol 2 3001 =
5\1400: 50 , oI o S0
2 300! g2 | 8 I 8 40f
§3m: § i §200— 5 f
msz mmﬂ: i3 E é 302
mnf sof ]UU:_ 205
. . 10 i
A e N T L AT e b e . ¥ VP s . s i e Ik
$8™ 05 0 G e OF77T6E T om  od o4 0303 03 o4 04 PRTUGSTTOR T 0s o ods
M(D,I)-M(D,) [GeV/c’] M(D1)-M(D) [GeV/c’] M(D*T)-M(D.*) [GeV/c’] M(D *1)-M(D *) [GeV/c’]
01/08/24 F11SADETia PIeNCIPe - risClegy Lusd : ;
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Study of the e*e” - Ds*Dso(2317)"A and
e*e - Ds"Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT

PRELIMINARY
Topology type e, [MeV] N
True D:D(231?) signal 349.3 + 0.2 3,797 + 137
Feed-down background 345.1 (fixed) 0.3297 - Ny
True Dg1(2460) signal 3471 £ 0.5 811 4 155
Feed-up background 352.0 (fixed) 3.042 - Ny
Ds1(2460) 346.7 (fixed) 1.189 - N>

Nl_ 3,843 &= 67, pn = 3489 + 0.1, 0 = 6.20 £+ 0.10
No= 835 + 31, p = 347.1 + 0.2, ¢ = 5.80 £ 0.20

Fit functions:
&M(DETTD) _ Nl G(P’Jlj Ul) 1 f::a‘own Ng G(”down! Udown)

ﬂ.M(D: ﬂ—D) — NQG(ﬁzj 0,2) + f-upm-l G(;_Lup5 UUP) i fbmkenNQG(pbmken, Jbroken)

01/08/24 Elisabetta Prencipe - Hirschegg 2024 50



Study of the e*e - Ds*Dsy(2317)"A and
e*e - Ds*Ds1(2460) A in the continuum at Belle

Events / 2 MeV/c?

01/08/24

"Generic MC
mm:
300f
60{]:
400F
200F
b oo gt B M g g
335 0.3 0.35 0.4 0.45
M(D_1")-M(D) [GeV/c’]

FIRST MEASUREMENT
PRELIMINARY

£
o
=

Events {J 2 MeV/c?

]
o
=

T 2 -

100k

LGeneric MC

r 2 b
- F L
el | | LI

025

03 OB 0o
M(D *1)-M(D_*) [GeV/c’]

Elisabetta Prencipe - Hirschegg 2024 51



Study of the e*e - Ds*Dsy(2317)"A and
e*e - Ds"Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT

PRELIMINARY

2 200k © ool Dat
2 200] 3 30_
L - L
= = I }
:\1 150_ :J 50_ ’ } |||| I
g | Z gy *I.r. I
S 100 'II.!|| RLALil I"'
ST it : } ‘ I

s0f o

T R T R W S e 0 O

M(DST[O)—M(DH) [GeV/CZ] M(DR*TIG)—M(DS*) [GeV/cz]
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Study of the e*e” - Ds*Dso(2317)"A and
e+e_ — DS+D51(2460)A at Be”e FIRST MEASUREMENT

PRELIMINARY

Topology type i, [MeV] o, [MeV] N
' DATA > True D2,(2317) signal 3496 £ 05 |[7.16 £ 059 | 792 + 62
| Feed-down background 344.0 (fixed) 13.4 (fixed)  0.170 - N\,
True Ds;(2460) signal 3473 +£18 698 +£1.72 137 £ 36
Feed-up background 349.6 (fixed)  14.6 (fixed)  2.097 - Ny

D.1(2460) broken signal ~ 345.5 (fixed)  17.0 (fixed)  0.231- N>

NN-analysis performed: a factor 2 gain compared to a cut-based analysis!

01/08/24 Elisabetta Prencipe - Hirschegg 2024



Events / 200 MeV/c?

Events / 200 MeV/c?

Study of the e*e - Ds*Dso(2317)"A and
e*e - Ds*Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT

PRELIMINARY
aol >
i JF = No evidence for resonant states found
60~ =
: | S up to 980.15 b
401 5
i 0
20r Br(Ds1(2460) — D*70) y o(Ds1(2460), p* > 3.5 GeV/c)
! - - X - - B
oottt Ml L LY Br(D(2317) 5 D) 0(D5(2317), 6% > 35 GeV/c)
M(D D,,(2317)) [GeV/c?] M(D D, ,(2317)) [GeVi/c?]
: o, 107 0.3340.09(stat)+0.01(syst)
L % i
30~ = 8 .
: J{ @ a factor 10 lower than the theory predicts
20} % 6i_
L 5 ar
10:— 2:_
0471‘ 5%1'!:5510 Oj sllll

M?DSDS,(2460)), GeV/c? ﬁ(DSBH,(2i160)(J), Gevict 2- Hirschegg 2024 54



Study of the e*e - Ds*Dso(2317)"A and
e*e - Ds*Ds1(2460) A in the continuum at Belle

FIRST MEASUREMENT
PRELIMINARY

Upper limits determined on the resonant states seen in J/p¢ mass via B decays

Mode N Tot. err. [%] oY% x B(X — D;D) [fb]
e e” — X(4274)A 2.4 10.1 99.1
e"e” — X(4685)A 1.9 11.2 78.1
e e — X(4630)A 1.9 14.9 153.2
e"e” — X(4500)A 2.3 14.7 189.3
e"e” — X(47000A 2.1 15.3 171.3

01/08/24
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(MeV/c?)

4800

4600

4400

4200

4000

01/08/24

Summary of the ccss states:
an experimental view

A
Xc0(4700)
P(4660) T Xe1(4685)
X7(4630)
XCO(4500)
W(4415) X(4350)
Xcl(427ﬂ -
P(4230)
%c1(4140) X(4160)
P(4140) 7
P(4040) .
J
1-— 1-+ O++ 1++ 2++ 2-+

Elisabetta Prencipe - Hirschegg 2024
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Search for pentaquarks at Belle

Elisabetta Prencipe - Hirschegg 2024
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Search for a penta-quark state in pJ/y final state from
the Y(1, 2S) inclusive decays at Belle

PRELIMINARY

Total integrated luminosity used: Y(1S) + Y (2S) = 30.5 fb*
Inclusive analysis = reconstruction of Pc candidates on the recolil of anything else

Use also 89 fb* data @60 MeV below the Y (4S) peak — analysis in the
continuum

Eliminate Bhabha bkg and reflection peak imposing M2 (pJ/)>10 GeV?/c*

01/08/24 Elisabetta Prencipe - Hirschegg 2024 58



Search for a penta-quark state in pJ/y final state from
the Y(1, 2S) inclusive decays at Belle

PRELIMINARY
* No clear signal found for P."(4312), P.*(4440), P.*(4457)
25 B —=— data 35t —=— data
- sideband . sideband
W 200 Y(1S) ~~ signal MC o 30; Y(23) - signal MC
> B weee-- no=-Pe MC - 250 ---- no=-Pe MC
et C ------ bkg from sideband — - ------ bkg from sideband
= 15} + ] = 20"
SN I
Z 10 | Z r oI
S | e 2t S 10— 't b
- 5 B . Y i t - C .
PR P ML A Lon [ P R L e o e Y e e v o e
4 4.2 4.4 4 6 5 4 4.2 4.4 4 6 4.8 5

M(pJ/y) Gercz M(pJ/y) GeV/c®
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Search for a penta-quark state in pJ/y final state from
the Y(1, 2S) inclusive decays at Belle

B[Y(1S) — pJ/v+any] =
B[T(2S5) — pJ/y+any] =
olete™ — pJ/+any) =

T
T
T
T
T
T

01/08/24

15) — P.(4312)"
15) — P.(4440)*
15) — P.(4457)"
25) — P.(4312)*
25) — P.(4440)"
25) — P.(4457)"

)
)
)
)
)
)

(4.43+0.25+ 0. 17)x 10~ 2
(3.8240.20+ 0.16)x 1075
(67+£2+2) fb at /s = 10.52 GeV

+any]-
+any]-
+any]-
+any]-
+any]-
+ any]

(P.(4312)" — pJ/y] < 4.5 x 107°
(4440)" — pJ /] < 6.8 x 107°
(4457)" — pJ /] < 4.9 x 107°
ch(4312)+ — pJ/] <5.3x107°
P.(4440)" — pJ/¢] < 7.2 x 107°

CBCBQ‘)Q‘)Q‘)

-B_ (4457) T — pJ /] < 2.4 x 107°

Elisabetta Prencipe - Hirschegg 2024
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Bottomonium physics at Belle and Belle Il

Unique physics case at Belle Il

Elisabetta Prencipe - Hirschegg 2024
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Bottomonium

# Hadronic transitions between heavy quarkonium states can be described with the
QCD multiple expansion model (QCDME) PRD 24, 2874 (1981)

M in analogy with electromagnetism, it is possible to expand in terms of (ak) gluon radiation if
the radius a of the bound qq state is much smaller than the wavelenght 1/k

M vicinity to threshold opening can modify QCDME predictions

h

(n) m*Slonn  nSt (E1EL)
D (1) — MeSt—n NSt (E1IM2 or M1M1)

s When/how did the bottomonium story begin?
01/08/24 Elisabetta Prencipe - Hirschegg 2024 62



Bottomonium: how it started

From Belle, PRL 100 (2008) 112001

Observation of anomalous Y (1S)m*mt- and Y (2S)mt* 1t production
near the Y (5S) resonance

First observation of e"e™ — YT(1S)r 7 and efe” — Y(28)r 7

First evidence for ete™ — T(3S)7 7~ and ete~ — Y(1S)KT K~ ~Y(5S)

L(Y(55) — T(1S)r"n~) = 0.59+0.04(stat) £0.09(syst) MeV
L(Y(58) = Y(2S)r n~) = 0.85+0.07(stat) + 0.16(syst) MeV

r'(Y(4s) - y(1s)n)
From BaBar, PRD 78 (2008) 112022: T(Y(4S) - Y(AS)tn-) 24104

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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T(29)

01/08/24

Hadronic transition in Bottomonium

() T(15)

Elisabetta Prencipe - Hirschegg 2024
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Hadronic transition in Bottomonium

Elisabetta Prencipe - Hirschegg 2024
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Hadronic transition in Bottomonium

ntn : E1E1 gluons

L(T(25) —» T(18)n n ) =5.7+£0.5keV
L(Y(3S) = Y(1S)rT7™) = 0.89 + 0.08 keV
I'(T(35) = T(29)xt7~) = 0.57 £ 0.06 keV

partial widths are small

¥ ['(Y(55) > Y(nS) ntn™)~1MeV

01/08/24 Elisabetta Prencipe - Hirschegg 2024



Hadronic transition in Bottomonium

ntn : E1E1 gluons

L(T(25) —» T(18)n n ) =5.7+£0.5keV
L(Y(3S) = Y(1S)rT7™) = 0.89 + 0.08 keV
I'(T(35) = T(29)xt7~) = 0.57 £ 0.06 keV

partial widths are small

IS ['(Y(55) > Y(nS) ntn™) ~1 MeV

n : E1M?2 gluons
Amplitude o chromomagnetic moment of b quark o 1/my

I(Y(25) = T(18)n) = (9.3 4+ 1.5) x 10 3 keV r(Y(4S) = Y(15) 1) g
Y % 1o : = 2.4 0.
T'(T(35) = T(18)n) < 2 x 10 3 keV T(r(4S)  Y(18) ot ) 24104

additional suppression
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How that can happen?

s Alternative explanation is that the transitions Y (nS) — Y (mS) proceed via exotic

admixture
B
s The decay into constituents dominates — Y(S)
Y Y(Es) d
s |f pg is high enough, rescattering is suppressed — J<—

s Then: Y(4S) |BB>, N

Y(5S) |Bs*Bs*>  |BsSBO> ?
Y (6S) |B.B>

s New decay mechanism : exotic admixture

= Possibilities: hadroquarkonium, compact tetraquark, hybrids
1Y'(2S) fo> |bq bg> |bb g>
01/08/24 Elisabetta Prencipe - Hirschegg 2024 68



Angular momentum wave functions

PRD 85, 034024 (2012)

BB) = Sbqg = 0, Lpg = 0,53, =0, Ly, = 0,L = 1)
— 2%/? Sz =1,J,6=0) — Y(1S)n*n~ in S wave
+ L Su=1J,g=1 - Y19
+ 2{% Si; = 1,J55=2) — Y(1S)n*n in D wave
+ L IS5 =0,J3=1) — hy(1P)n

Rescattering = many transitions are allowed
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Transition

Partial width (keV)

T(18) 7 tn— 1.7 4 0.2
T(15)n 4.0£ 0.8
Y28y w 1.8+0.3
ho(1P)n 45T
T(55) —

Y(18)w+n— 238 + 41
T(15)n 394 11
T(1S) K+K- 33+ 11
Y28 watn 428 + 83
T(28)n 204 + 44
T(3S)mtm— 163 £%1
xv1(1P) w 84 + 20
61 (1P) (7T 7~ 1) non-w 28 + 11
e (1 )i 32+ 15
x12(1P) (w7~ 7 non-w 33+ 20
Tl ~ 60
Y;(1D)n 150 + 48

Zy(10610)*7F
Zy(10650) 7T

2070 + 440
1200 = 300

T(6S) —
T(1S5) Tt
Ti28) 7
T(3S)wtn~
Z,(10610, 10650) 7T

-
7
A
7
T

137 32

183 4+ 43

7 £ 28
1300 — 6600

Bondar, RM, Voloshin MPLA 32, 1750025 (2017)

So variety of transitions support the
Interpretation as molecular admixture

isabetta Prencipe - Hirschegg 2024
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How to perform Bottomonium analysis?

s Measurement at a single energy can:.
- show non-resonant contribution
- reveal other resonances

s Energy scan is needed!

01/08/24 Elisabetta Prencipe - Hirschegg 2024
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o(Y(2S)n* 1) (pb) o(Y(1S)rn* 1) (pb)

o(Y(3S)n"n) (pb)

A

New
ﬁvstructu re

Bottomonium at Belle

o°(hy(1P)n'm) (pb)

Y(1S) T o3l
I Y(10753) ﬂ\ Y(6S)
ks g
e WA
IIIIIIIIIIIIIIIIII bllu&le:IISIR
Y(2S) ntw ﬂ
i
H’_.. @ %
Y(3S) ntm _ ]
T % ﬂ Hl Ii{
#yj‘j\ HE NG

6°(hy(2P)n'm) (pb)

" betta Prencipe - Hirschegg 2024

PRL 117 (2016) 142001

JHEP 10 (2019) 220

Zfn~— hy(nP) ntn~
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Y(5S) peak in B B channel
is shifted by 20 MeV
w.r.t. bottomonium channels.

Two states near Y (5S5) ?

Hiisken, Mitchell, Swanson, PRD 106, 094013 (2022)

Coupled-channel analysis:
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No clear Y (5S) peak:
“oscillatory” non-resonant contribution?
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A note about Coupled-channel analysis:
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Husken, Mitchell, Swanson,
PRD 106 (2022) 094013

Assume Y (10753) is a 4S-3D
mixture

s All available scan data
s Global and unitary analysis of

e‘e” — bb cross section

Pole positions are determined
for Y (4S), Y (10753), Y(5S),
and Y (6S)

Strong evidence for the new
Y'(10753)

Accuracy above Y(6S)
and near Y(10753)

needs improvement.
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Luminosity [fb

Belle Il energy scan

s Luminosity: 20 fb* ( Nov 2021)
s Goal: study Y (10753) and B*B* threshold region
s Found: Y (10753) and Y'(5S) have different pattern: different structure?
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Testing tetraquark model for the Y(10753) at Belle Il

Candidates per 10 MeV/c?

Candidates per 10 MeV/c?
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* Predicted for the tetraquark model

* No signal found
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clete >N, (1S) w) < 2.5pb 90% CL

cf. olete > Y(1,2S)n*n™) = (1 —-3) pb

clete™ > 1po(1P) ®) < 7.8 pb

cf. o(xp1(1P)o / xp2(1P)w) = (3.6 / 2.8) pb
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Study of e*e- - BB, BB*, B'B* at Belle Il

5 Belle @ Bellell BB

u1/u8/24

E_ [GeV]

s Reconstruct B meson in 1000 final states

R

Belle If

PRELIMINARY

s Rapid rise of the B'B" cross section close to
threshold: hint for molecular state?
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Study of e*'e- — BsBsX at Belle II
JHEP 08 (2023) 131
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Summary

Belle shut down: 2010. After 14 years still great physics results show up with Belle data sets!
Most of the interesting results use the whole Belle luminosity: update with Belle Il is planned
A remarkable fraction of data taking @Belle Il will be above/below Y (4S) c.m. energy

Great potential in the continuum and ISR physics

Amplitude analysis to search for ccss resonances and more

Bottomonium physics: unique at Belle and Belle Il

Belle Il is in excellent shape: already collected ~BaBar luminosity (424 fb™* in 2022)

Analysis plan: combining Belle + Belle Il data sets (~1.5 ab™)

Data taking at Belle II: 50 ab™ by 2035

Pentaquark search: so far no results with Belle data set. More investigation is ongoing

STAY tuned!
01/08/24 Elisabetta Prencipe - Hirschegg 2024 84
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