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Introduction o

Belle I
s Gell-Mann Zweig idea: Constituent Quark Model (CQM)
Still valid for half century — it classifies all known hadrons

s QCD-motivated models predict the existence of hadrons with more complex
structures than simple gg (mesons) or qqq (baryons) - the so-called XYZ
“charmonium”-like states

s Lot of experimental effort to prove the existence of XYZ!
s No unambiguous evidence for hadrons with non-CQOM:-Ilike structures has been found
s New possibilities, started with the observation of the X(3872):

- tetraquarks - molecular states - pentaquarks - glueballs
- hybrids - hadrocharmonium - hexaquarks - CUSpS...

s Evidence that there is more than mesons and baryons!
Substantial contribution from B-factories (1999-2010) into the field
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Quark Bound States

o Lifetime:
Q) v

Meson

Lifetime:

Hybrid meson
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Pentaquark

Glueball
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Belle II

Lifetime:

Lifetime:
<1085

>10%0 y (proton)
~ 10 min (neutron)
<1015 (others)

Lifetime:
<1025

D° —. dlquark-dla ntiquark

[ 54
P

D° — D “molecule’”

...and superposition of different states: ¢ |qg> + ¢, |qqgg>+...
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-Onia (conventional and exotics) o

Belle II

s States described by potential models, NRQCD,..., before 2003
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-Onia (conventional and exotics)
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Nomenclature o>
Belle, PRL 91 (2003) 262001 Belle I
:| Illo)‘do:tulll' 12000 —————T—— T
X, such as the X(3872) A |
- consistent with DOD™ molecular state §
- found in B decays, large production also in pp & «f 1 T
i no partners found Oc:im I\ﬁ( I I1.20I_ OO.LO I I0.80I I I1.2G.
M 7 1'T) - M{IPI) (GeV) M w1 1) - M{I*T) (GeV)
Y, such as the Y(4260), Y(4330), Y(4660) S PR LA
- produced in initial state radiation and E_ ,,, scan Emf ;
- JPC =1 §
- overpopulated for charmonium :°
’ M u(2S)) (GeV/cd) s
Z, such as the Z;(3900) and the Z,,(10610) i

-
S 1=

RL 110 (2013) 253002 PRL 108 (2012) 122001 |

T

D

@
=)

- seen in decays of gqg and B decays
- charged states: cannot be charmonia
- b- and c- onia: similarities
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Nomenclature o
| I'3e'IIe,' I'DI'?IT 91 (2003) 26g901 eie

12000 —r—r—

) dota

X, such as the X(3872)

- consistent with DOD™® molecular state

- found in B decays, large production also in_pg
- no partners found

4 4.5 5
M(r*ny(2S)) (GeV/c?)

100 B0 RS S B R R I B
PRL 108 (2012) 122001

@
=]

een in decays of qq and B decays
- charged states: cannot be charmonia
- b- and c- onia: similarities
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Two different classes of Z states? o>

Belle IT

ne
Do Bpt Dm] DD (D" i M BCX\\
_ W Q

Z(4430)
—

Za Z(4200)
&

Mass [ GeV

Mass / GeV

DD
DD
[51s]

2 3900)
£o(3835)

from B meson decays

from e+e— (direct) or ISR

ot 1 1+ > 1 2t ot 1t 2 1 2 3 0'11—212'0'1'2'123_“3
— large widths — narrow widths
— not connected to thresholds? — near thresholds

Belle Il is in a unique position to look for both Z types:
- through B decays (LHCb, not by BES IlI)

- threshold state (BES IlI, not by LHCb)
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s BaBar + Belle:
>1.5 ab™ integrated luminosity - triumph in the history of B-factories!

fb!
1200 ——wr———v—r v i it e ———— e p——— z‘+ (3895) = 1 ah,_l
t[——Kexs  —perd| [h,(1P, 2P)|[ 2.+ (iOGIO) On resonance :
i Z: (4430) s 08000 Y(4S): 711 fb !
800 Y(4660) Y(3S): 3fb !
Y(4008) Y(2S): 25"
Y(1S): 6 b
600 - g‘ :gggg; ! . Off reson..fs?an:
X, (3090) | / [Y(@320)] -
I Xa !
400 - [%(3940), Y(3940) : . 513.7 + 1.8 fb-"!
. i(* baryon Y(4260) j On resonance:
200 - | triplet fx(3372) - . Y(48): 424 fo!, 471 M
' D* & D,*° j ¥(35): 28 b, 122 M
Da‘:i”f:ggc) Y(28): 14 fb!, 99M
0l e B Off resonance:
1998 2000 2002 2004 2006 2008 2010 2012

48 tb
s Not only B-factory, but cc-factory with so high luminosity
s Statistics limited for rare processes (BR<107°)
# Upgrade needed!
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. . Aerogel Cherenkov cnt.
SC solenoid -~ . _ n=1.015~1.030

15T 5% )

TOF counter - ‘*/ — » A R~

7« 2 Central Drift Chamber

N/ _~_gysmall cell +He/CH,
J N '\ Jg \ U
A S \

Si vtx. det./ " U /K, detection

3/4lyr. DSSD . 14/15 lyr. RPC+Fe

Belle Il detector

26 countries, =¥
120 institutions,

1050 physicists

_Isukuba ‘

Tokyo

02- September 2019

beam pipe

4 layers DSSD

<+Belle detector

central
drift chamber
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Current situation

Belle Il Online luminosity Exp: 7-18 - All runs

Integrated luminosity

B Recorded Week]
L - 120
g J— IERecordeddt 126,56 [FD L] Y e

- 40

Total integrated Weekly luminosity [fb~!]

F20

I I

ECT* Workshop - 22.04.2021

Corona-pandemic affected activity at KEKB
BUT

we are very active and data taking is ongoing!

Total integrated luminosity [fb~!]

Luminosity record: 2.4 x 1034 cm-2 s-1

On 01.07.2019: L = 6.5 fb'1
On 20.04.2021: L = 126.56 fb1

By 2026, expected up to 50 ab™!

Elisabetta Prencipe 12
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Belle Il detector — main changes <o

Belle 1II

Pixel Detector: improved vertex resolution in beam direction 50um (Belle) - 25um (Belle 11).
Time Of Propogation: TOP measures the timing of the Cherenkov light. Time resolution ~50ps.
TOP detector surface is polished to nanometer precision for total reflection of Cherenkov light.
K, - Muon Detector: two inner layers of barrel + all layers in the end cap replaced by

scintillators, because of large background.

Electromagnetic Calorimeter: readout electronics replaced, fast FADC sampling for identify pile-up
of pulses.

Luminosity: ~30x instantaneous and integrated luminosity. Beam current, 1.64/1.19 A (Belle)

- 3.60/2.60 A (Belle II) for e*/e~ beam. Beta function at IP (3" ), 5.9/5.9 mm (Belle) - 0.27/0.31 mm

(Belle II). KEKB SuperKEKB

Vertex detector: new design $
-y Tum

Drift Chamber: improved p, resolution | :
p pt (5\\) 100um/ 100;|m/

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 13
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Belle Il is performing well! <o

Belle I

X

—

o
w

)

[sp]
o
o
o

Belle Il (Preliminary) .kaon

Belle Il (Preliminary) _
( y \ Ny, = 50537 + 371 o det iy —o

_ -1
det =610 N, = 58085 + 380

/ (0.0804 MeV/c?
5
8

O_IIIIlIIlIIII||I[II||||I|II|||IIIII||I|I|
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oI NPRTRREE
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L 1 [

TTT

0 1 1 =4 1
0.14 0.142 0.148 0.15

'; 4.5 = Belle Il (Preliminary) o pion from D decay
S 45 [Ldt=6am

E
III

kaon from D* decay

O

w
(6]
TTTT]TT
>

D*-D° mass difference (Am) from the D* sample in data

>

proton from A decay

% min. at 3, regardless particle type
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Belle II: how to search for -onia

Belle 1II

{nS}:':

]
¥

r.'rilu'
+_< ol o

B .,_4. . ‘\‘h-_.'z" - Chan . CM -~L\:|:'J n:nr ”:_,'I
Bdecays  Initial state radiation Double c©  ¢=+1 +y collisions e

Unique @ e+e- machines!
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Search for the X(3872) at Belle Il

s \Width upper limit by Belle: T" < 1.2 MeV
(estimated from X(3872) - Jhpr*),

s Best BW width estimate by LHCb:
0.96 ¥9-19 10,21 Mev
—0.18

s Very promising: X(3872) — D°D%*

mode Q value [MeV] i

Jhpt 495.65+0.17

DODO0 7.05+0.18 .

DoD% 0.01+0.18
Projection on 50 ab-1 (extrapolated from Belle) :
State Production and Decay

X(3872) B - KX(3872), X(3872) - J/WTT+Tt-
Y(4230) ISR, Y(4230) - J/WTT+Tt-
Z(4430) B K+Z(4430),Z(4430) - /Wt

’ S 2T 150
© mass resolution 2T { + e
P UMbrmemode) | T gasE | comper
oF A © : % Current upper
. 3 )t ﬁ{ : limit (90% C.L.)

s
o
—et
=~
'
.

1 . i
L §§+ i;ié,QQ“”
§§§.,.. [N TN

I Output (MeV)
&
T

o

(8}
T

-

&

0 05 1 5 2 25 o— v . . .
T Input (MeV) 0 20 49 _ _
Belle, PRD 84 (2011) 052004 Belle || simulation Integrated luminosity [ab]

Due to very low Q value, the mass resolution is extremely
good - expected great improvement on width with 50 ab™
Search for exotics at DD* threshold (better slow pion
detection at Belle II).

Slow pion reconstruction efficiency >60%

N

~14400
~29600
~10200

16
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Search for the X(3872) at Belle ll: ongoing [

Belle II

- Belle Il - | Bellell
NQ 110 Preliminary . + da;as “‘3 30 Preliminary ::‘_; d?;:)
. . E I Ldt=6281' o :::lck)ground E | _[OL dt=62.8 251 - :ackground
* Reconstruction of final states 8 N Ll BveSK — totl
B*_ e d/W(l *1 ) Ke S S |
BO_ rrrJ/W(l 1 ) K E & "
s @ | / &
. . . S e SRS rey T
* Selection criteria (Standard) 3.66 M(Ja/.ea )[Gs.\7// . 3.72 0566 M(J:a/.ea _) [G3.\7// 2] 3.72
. . L. . yr'n) [GeV/e yr'r) [GeVie
Particle identification
Continuum: nTracks, R2 § to|- Potminay el § o Preimiary el
: : ® Ldt=628 15" Y ® Ldt=628 5" i B
Kinematics: M_, , M_, |AE]| - i»ﬂxwmw el -2 JB‘°_)X(3872)KZ —
o o
< < I
* First X(3872) at Belle Il with 62.8 fb- % °l % o
14.4+4.6 events (4.60) g i H g !
le: . 5 O Mt UL T
Be e ~17O events In 772M BB %.82 3.84 3.86 3.88 3.9 3.92 8.82 3.84 3.86 3.88 3.9 3.92
Phys. Rev. D 84, 052004, 2011 M) [l Mt} [Relie]

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 17



Charmonium in ISR: Perspectives

s Line shape of the Y (4260)
s Strange partner of Z(3900) in KKJ/y
s Cross sections of exclusive (cc) + hadrons

Golden Channels | E.,.. (GeV) | Statistical error (%) Related XY Z states

L 1.23 7.5 (3.0) Y (4008), Y (4260), Z.(3900)

e w(28) 1.36 12 (5.0) Y (4260), Y (4360), Y (4660), Z.(4050)

KtTK=J/ 4.53 15 (6.5) Les

a7~ he 1.23 15 (6.5) Y (4220), Y (4390), Z.(4020), Z.(4025)
WXc0 4.23 35 (15) Y (4220)
50 ab™
10 ab™

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 18



D

Charmonium in ISR: ongoing <L

200 :_ Belle Il Preliminary
N_§ ; + jL dt=37.81"
s e'ey, - TTI/W( 1 ) reconstruction % 150; HH
Nominal PID requirements % e
IMJ/W¥) - M(PDG)| < 75 MeV @ 50p
ISR photon not required (high efficiency) 9 bttt T ¥ msbtanne,
IMM2(Tt* Tt d/W)| < 2 GeV/c? M(r* /) (GeV/c?)
s Clear observation of ISR W(2S) signals ~ 150F T..a..prenmm
o i Ldt=37.8f"
s Next step: Y(4230) rediscovery g ook ee
Expect ~60 total events per 100 fb* @
S 50
Ll i
+

960 366 368 3T 372 a4
ECT* Workshop - 22.04.2021 Elisabetta Prencipe M(r*mJly) (GeV/c?) 19



Why Bottomonium at Belle 11?

s Bottomonium spectrum is significantly different from charmonium spectrum
n=3 state (°P) is below the threshold
L=2 state (‘D) is below the threshold

s Z states were only found so far in Y(5S) decays

s SuperKEKB canreach E__=11 GeV
= Y(6S) running possible — unique possibility!

s \With the high luminosity, for the 1% time study radiative transitions between
bottomonia states possible (suppressed by 1/137). Marginal statistics so far at

Belle, big advantage at Belle |l

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 20
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Bottomonium at Belle Il: ongoing <o

s e'evy, .~ T Initial State Radiation (ISR) production:

Yir Y (2S) - T m-Y(1S)(l *1 ) Belle Il Preliminary JLdl:TEtb'1 Belle II Preliminary JLdl:?E fo'
YirY(3S) - - Y(1S,2S)(1 *1 ) 12000 120 {
1000 100 ’
g | 25-1s &
s Direct transitions: Y(4S) - T*T-Y(1S,2S) 280 T =—
o °
s All signals observed in early Belle Il data 5% 3P
o 3818 G : 4828
W 400 - w 40
s Future studies: 200 2515 0 3 |+ ittty i,
+ 1 11 0 -l‘-":.‘L.' I N —% 0 ; ++1H+ ) H+++H+H+ ++++H ++H+'H'
M(T[ T[-) In T(4S) transitions 99 10 10.1 10.2 10.3 10.4 105 106 10/ 10.3 1035 1[}4 1045 105 10.55 105 10.85 10.7
M{xx ) - M) + m(r(18) [GeVic’) M) - Muw) + m(X(2)) [Gevic?)

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 21
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Bottomonium at Belle Il: ongoing <o

Belle I

Belle Il Preliminary j Ldt=72fb"
10.2 T .

.t ™

Y =2 utu-

©
(0 0]
T T T T

s Y-dipion transition in Early Phase 3 Data

9
»
™1

» Clear evidence of signal with 72 fb-1

M(u'w) [GeV/c?]

©
NN
T T T T

s Clusters represent signal transitions

©
N

*J2s—1s] J3s—1s i

-

9 NI A S S A e ARl SR FEE PR R CE SN R AL AR

0.2 03 04 05 06 07 08 09 1 1.1 1.2
+re i) - +” 2
ECT* Workshop - 22.04.2021 Elisabetta MiEtEuR) - M) [Gevic)
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Expectations on Z states at Belle Il

s If Z Is aloosely-bound state, several new molecular states should appear

Y(6S) and Y(5S): conventional state search
s Belle Il goals:
- search for new, predicted, resonances
- use both, single transitions and double cascade
- fill the remaining spectrum to measure the effect of the coupled channel contribution

Y(6S) and Y(5S): new exotics search
s Belle Il goals:

- Y(6S): 100 fb™* exploratory run
-Y(5S): 1 ab™ high statistics run
Y(6S) and Y(5S): scan
= Belle Il goals:
- Y(6S) and Y'(5S) behave differently in tzwY” and )
- hint of a non-bb nature of Y(5S)? - Settle the nature of Y(5S)

- investigate an extra resonance around 10.750 MeV/c?
ECT* Workshop - 22.04.2021 Elisabetta Prencipe 23



Y(3S): Opportunities at Belle Il il =

<O

Belle IT

s Exotic states contribute to the hadronic and
radiative transitions from narrow quarkonia

— complementary approach to the (nS) (nS)
direct search from Y(5S) and Y(6S) g f\r .
. i - (md) (mo)
Y'(3S): exotics in transitions i
s Belle Il goals:

- Y(3S) - mY (1S, 2S) still limited by statistics Ao ‘,,.{ ¥
- perform full amplitude analysis N
- search for missing stzt/n) transitions to constraint further theoretlcal 4&?5«1 . /—L\\r\

- study hindered radiative transitions

Y'(3S): charmonia in production

s Belle Il goals with 300 fb™:
- up to 5x sensitivity in inclusive production from Y'(3S)
- up to 15x in double charmonium
- inclusive rate of X(3872) B
- DD* correlation in Y(3S) —» DD* + hadron to test the nature of the X(3872)
s Y(3S): rare x, decays, deuteron production mechanism
ECT* Workshop - 22.04.2021 Elisabetta Prencipe 24
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“Re-discovery” with Phase 3 Data: J/y <2

<~ so00 | Belle !l (Preliminary) <~ 990F Bellent (Preliminary)
O I L E :
% i J.Ldt=34.6fb'1 > 7000; det:34.6fb1
= 4000 N, = 28536 + 282 = SRR N, = 28865 + 206
o B g o N g
- i o 5000 F
< 3000 | L x
g _ ~ 4000 [
& 4 g
< 2000 = 3000 |
= = 2000
'D B
S 1000 I ;
8 ’ \ 8 1000
q-=p-q--| ’l“l"l'i-l_rl"-l-'; || l\\l"r-—l—l e | 0 :l PN T NN SR N S N A N J—l»'{--l‘.-l'l | |\‘1‘-» T B R T S T |
2.95 3 3.05 3.1 3.15 AP 2.95 3 3.0 3.1 3.15 3.2
2
M,.. [GeV/c?] M, [GeV/c?]
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Events / (0.07 MeV/c?)

Pull

“Re-discovery”

with Phase 3 Data: D9, A_

3000 i
- Belle ll (Preliminary) % Nyy/fo™ = 305+ 15
2500 — J-L dt=72 " xen.di. = 1.27
[ D D@ ) — Fit
200 e Slignal
------ Background
1500 + Data
1000 ,:
500 | ‘
00.14I 0,1I42I 01‘44‘ 0.114; 0,1148 IO,|15‘ I ‘0.1|52‘ I I0.154
3 P R B I
| NI UM L S P, .
HTORA ™ VLI . W SN b
0 f iy WL LE AT TR Tt il
SR TR T P T
SRR TR

AM [GeV/cT]

ECT* Workshop - 22.04.2021
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Belle I

1600 | Belle 1f 2019 Data

1400 | (preliminary) -;?gtila:n

1200 F J Ldt=88fb" -Background

1000 f Ao PK T

200
0 b P | ;g s g e s § v ]
225 226 227 228 229 23 231 232

LRI I
iy —
TR IR R R LA

M, « - [GeV/c?]



Summary

s Great achievements with Belle (~ 1 ab™) in spectroscopy,
but still opportunities for unique physics with the new upgrade Belle II!

s |n SuperKEKB e*e collisions will reach unprecedented instantaneous luminosity: 6x10%* cm™? s™*
# |Improved tracking and PID in Belle Il

# Challenge by summer 2020: 200 fb1
s Expected 50 ab™ integrated luminosity at Belle Il in 6 years
s With x50 more data than Belle, expected in Belle Il great achievements in hadron spectroscopy:

- ISR analysis as unique case

- favorite Bottomonium search through Y(6S) compared to Belle

- good slow pion reconstruction to search for D'D® threshold exotic state
- study of J/YKK invariant mass in all possible mechanisms

- search for new and conventional -onia with high precision

- amplitude analysis

ECT* Workshop - 22.04.2021 Elisabetta Prencipe 27
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