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7 B-Factories Legacy

Pacific
N'“ﬂgﬂfhﬂg?;g : “The Physics of the B Factories”, EPJC 74, 3026 (2014) .
1
L X(3872): Most cited

1999~2011 : BaBar (SLAC) & Belle (KEK) Belle paper (~1900)

 Flavor physics: CKM/UT, CPV in B decays X i 1 ﬂ} PRL 91, 262001 (2003)
* Possible hints for NP in rare processes fo ot e |
MLy mx) (GeV)
. . ; T 9
* New particle discoveries: “XYZ" states
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* Broad physics program jeptonic b = .
= New Physics in precision/rare B meson decays e B—1v, >u<7 >u<
= Dark sector particle searches e < .
= Spectroscopy of exotic QCD . Wi H‘f;
e B— D(Vtv, e ———
= ...and more
inclusive radiative .
“The Belle Il Physics Book”, PTEP 2019, 123C01 (2019) Aﬂ
“Belle Il physics reach and plans for the next decade B > Xy b s b
and beyond”, SNOWMASS 2021 White Paper (2022) - W

« Advantages of Belle |l
= “Clean” environment
* Full event reconstruction
= Decay with neutrals (y, n°, K, v) In final state
= |arge statistics
= Complementary to LHC
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* Experiment located at KEK in Tsukuba, Japan
1100+ members, 123 institutions, 26 countries

Mt. Tsukuba
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{e+4GeV36A]

« SuperKEKB Upgrade

* “Nano-beam” interaction point

= Increase Iin current

= Goal: factor of 40x increase in luminosity
= Nominal energy: e (7 GeV) e* (4 GeV)

! Belle Il
—— \ | —

- k- 7Gev 2.6 A]

i«
s New beam pipe SuperKE KB

& bellows

v

Low emittance positrons
to inject

Damping ring ” e
S 4

Low emittance gun

KEKB
$ Tum /
\u 100um’ +=
5mm

SuperKEKB

Tum

Add / modify RF systems
for higher beam current

Positron source

.

New positron target /
capture section

Low emittance electrons

to inject )
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\??/ Belle Il Detector Rebuild
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* Order of magnitude luminosity increase means:

Muons/K, : plastic scintillator,
electronics upgrade

= Higher background ECAL: readout
v Radiation damage upgrade

\ WY

v" Detector readout

e-
= Higher event rate

PID: TOP barrel,

v’ Trigger, DAQ, computing aerogel endcap

= Boost change

. Tracking: small-cell
v Improve vertexing

drift chamber

 Significant detector upgrades required Vertexing: 2 layer Si
pixel + 4 layer Si strip

arXiv:1011.0352 (2011)
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Northwest
T ” . . . Belle Il Online luminosity Exp: 7-25 - All runs
« 2016: “Phase 1”7: Beam commissioning  wsf e B I 200
. — mm Recorded Weekl

« 2017: Detector roll-in B 150 — enmoneatt = 3732010731 350

e 2018: “Phase 2~ ‘g T R —— A [ r 300
= Background study w. partial detector N e e 220
= First collisions/data E [ 200

- 7-5 ...............................................................................................................................................

« 2019: "Phase 3" - 150
- Nominal Start Of Operations % 5'0 ...................................................................................................................................... i 100
= 2021 Inst. lumi. record: >4.7X1034cm_28_1 g 7 I3 IS | - UUUUUN U W || W— W - <)
= 2021: Non-Y(4S) Energy scan 00 | bt M | i

I

» 2022-2023: “Long Shutdown 17 m %MW@

» Detector/accelerator upgrades Date

I
pdated on 2022/05/10 11:28 |ST

« 2023~2027: Resume operations, target: 5 ab!
« 2027+: “Long Shutdown 2” upgrade (?), continue up to 50 ab
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\"7/ How do we study quarkonium experimentally?

Pacific

Northwest  Production Mechanisms

« Multiple methods to produce quarkonium/exotics at Belle Il
« Production mode provides important information (e.g. J°¢, type)

JPC=0, JrPe=0*" PC=1- - p
$ 2=* 3t* y J e 1 bb- exotlc
| - e’ Y (m) 4
5 ":
e Y (nS) ;‘
°» +
e = - i . ..__ Change CM \Y: T ooz
Double c© =41 vy collisions Initial state radiation g

energy

« Several of these are unique to Belle Il
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\"7/ How do we study quarkonium experimentally?

Pacific

NNMSN"JEEXVW?&E DeC a-y M O d €S Exclusive Y(5S) - ntn Y(1S)[uru]
NO aad 3 “T>
S wf e
» Decay modes S B
= Transitions: radiative (y), hadronic (rx, =°, 7, ...) S uf
= Below-threshold: ee/un and hadronic S
= Above-threshold: DD/BB dominate % i3
- 925 13 135 14 145 . 35 155
. . _ i 2
» Inclusive analyses (complete decay chain) A= M) -tegy) (Gelic’)
| Eg efte~ > TC+TC—Y(pS) S H+H_ Inclusive Y(5S) —» TE+TC_hb(1P)

= “Full Event Interpretation”: collective B decays
= Low statistics, but very clean

« Exclusive analyses ("missing” momentum)
" E.g..efer > atn X
= E.g.imy = Mpiss = Sqrt[(pee ) pm)z]
= Knowledge of beam energy: full reconstruction not required | T |
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\‘%/ Belle Il Potential — B Decay
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« High-statistics continuation from B-Factories

« Competition from LHCDb, advantages for modes with neutrals

= Confirm Z; states and search for neutral partners
= Absolute branching fractions B — X(3872,3915) K
= X(3872) width and lineshape measurement with D°DOr®

= 400 - — 3 0
40E B Z.£(4050) E X2y v i > | Belle I I 20 7 C'#j
35E Z (4250) 300 - L] e e e Jhp e = simulation Y s!gn! !Cance
& = o N b Lo £ i + 50 significance
= . S B 2 B
E o 2 200 ' = 20 {,
25 o) - + - TI ']"]' LHCb: JHEP 08 123 (2020)
N - 8 s | R -}&ﬁ __________________
S 20F 5 1001~ :|| ' '.| ) | bl N by
— - : B I i |l|| iy . TN L X
C 1 c | P L&
g 150 . : H S of ) il “ i ' .' o R vyl e i
Lﬁ 10 :_ -"I R I n i + *eo 000005000 St Ahadan, AdAdaA,
5 3 iyl o * { * e %0 2o .:tlc; -
- R 1Y A H R E I R R
%: L hﬁ_.‘:_‘l,q..-|=--;54,_1,_‘._]';;1-.3._1,_!..l__hJ L 1 1.2 14 1.6 1.8 2 Integrated luminosity [ab™]
6 38 4 42 44 46 48 Kaon Momentum (GeV/c) H. Hirata (KMI/Nagoya), MSc Thesis (2019)

+ 2
M (3,m), GeV/c PRL 124, 152001 (2020)
PRD 78, 072004 (2008)
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W/ Belle Il Potential — Other Processes

3000 .
PTEP 2019 123C01 (2019)
Pacific ;2500_
Northwest L2000
JPC=1-- 4 ISR 1500 E
e = Continuous mass range >4.9 GeV/c? Eh /
500:-‘____’936_”8,”&—————”’?
- ngher masseS/Channels (e g YISR C) OE . !Belle,1l/ob,201:0 , E
= Confirm Z; states (e.g. e'e” — h.nn) > ’ e i
N§150 n,2s) X(3940)
—_— % nc xco + * * )
* Double-cc S100/ Voo & f i
= e*e"—(cC),-,(cT),-, production rule : A o 0
: 50|
e = Discovery of X(3940, 4160) : o Y
. E d h — h f F p oot PRD 98, 092001 (2007)
Double CC (i1 xpand to other cC, search for new states =~ ™7 2%0 . ———— =
M, _..(J/w) GeV/c”
%Pc=gi+ T Ph . ~, 8F PRL 104, 112004 (2010)
3"« Two-Photon 3. S ol
RN = s
g = JPC of X(3915) %, g
= Confirm ¢J/y state? 9 : 2
Y collisions ] D(*)D(*) f|na| states %, 405 At . . . 022 4.4 46 438 5

W (GeV) M(eJ/y) (GeVic?)
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7 Belle Il Potential — Non-Y(4S) Energies
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» B-Factories extended their physics programs with non-Y(4S) data
= BaBar Y(3S): discovery of n,(1S)

= Belle Y(5S): discovery of h (1P, 2P), n,(2S), Z,(10610, 10650)* Y (mS) bb-exotic
= KEKB/Belle energy scan data: Y, (10753) " '_° .
— b

> bb B Physics Yp Z;

|10 LFVINP 5 b 4 Yy? o
_ ‘ bb 2,7 Y. ? bb Change CM S, T, e
-8, b’
o b _ bb energy
: ! bE 1 B(*)B(*) 1 Bs 1 Abe
3 | 10° Yof l \
| 1 !
I Y(@3S)
o | 33fb-! Y(5S)
Q = 121fb ~5fh-1 N

10~ Yu(?) 5fb N
B | scan ~1tf>b-1 ey

[ ~7tb

Y(2D)?
1 / 2 §(pb'1) 1 N A 2 1 A N N 1 "
10.25 10.50 10.75 11.00
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\z/ Belle Il Potential — 10.75 GeV _..

Pacific g Y(5S)
Northwest ®
NATIONAL LABORATORY -:% - Yb(10753) Y(GS)
© L
 Belle: seven ~1fb-1 scan points below Y(5S)
« New structure observed in ntr Y (€+€) transitions ;e
T (10860) 1 (11020) ( New structure \ g —
M (MeV/c?) 10885.3 +1.5722 11000.0759 719 L107527i59+‘{;j E : Y,(10753)
[ (MeV)  36.6%55 707 23815505 3550015 5 Q|
Sl
. j— . e |
* Varying BB cross sections JHEP 06 (2021) 137 |
3 —_ |2 =, 2 @ * T %
BB%_]g BB* © B'B S
° g ° | I Y(5S)  Y(6S) ° 1 :‘g
100 | 1 Y(5S8) Y(6S) 100-— 100-— g 2__
_ : =
| | °
iy o6 107 108 109 Ecm (CliV) 06 107 108 108 Ecm (é:V) o
* Revisit this energy region with greater statistics 05 06 107 108 108 1

E. (GeV)
JHEP 10 (2019) 220 om {
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7 Why is the Y, (10753) important?
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* Uncertain nature
= Molecular interpretation? Does not coincide with a threshold...
= No clear conventional bb candidate

Conventional interpretations:

= Potential tetraquark? Chen, Zhang & He, PRD 101, 014020 (2020)
_ ] _ ) Li et al., EPJC 80, 59 (2020)
Y(4S) B'B B'B* BsBs BB Y(55) Liang, Ikeno & Oset, PLB 803, 135340 (2020)
“Exotic” interpretations:
Wang, CPC 43, 123102 (2019)

Ali, Maiani, Parkhomenko & Wang, PLB 802, 135217 (2020)
Bicudo, Cardoso & Wagner, arXiv:2008.05605 (2020)
U Giron & Lebed, PRD 102, 014036 (2020)

vias) Y30 Y(55)

10.55 10.60 10.65 10.70 10.75 10.80 10.85 10.90 10.95
Vs [GeV]

 Big picture: relationship to puzzles in XYZ/charmonium system
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%/ 0.03 | Belle Il Preliminary
- E S
ol Belle Il Energy Scan e | Novater
ifi : I
Northwest  NOv, 10-29, 2021 (JST) |
2 9921 10,657 Gev
_ _ 2 | 10.706 GeV
° ConSIderatlonS §0.015 - 10.751 GeV
: } ) o - 10.810 GeV
= Potential for early physics impact by Belle Il = o0tf
* Limited luminosity requirement (O(15/fb)) :
= Y(6S) requires accelerator infrastructure upgrade 0005 F
=4 ° Energy scan operation was successful R P Errarerrary
= Unique high stat. points between previous Belle energies A Egy (M(up) [GeV]
3.5/fb 1.6/fb 9.8/fb 4.7/fb 10 — 9.8/fb
= - Psete
LE E 85— " Bellel
n g:s 61—
= 8 t 4.7/fb
© € 4 35/
3
2 1.6/fb
10.5 10.6 10.7 10.8 10.9 11 10.6 10.65 10.7 10.75 10.8 10.85

Eom (GeV) Center-of-mass energy [GeV]
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Belle Il Energy Scan — First Results
Observation of ete~—wy,; and search for X,—» o Y(1S)

* Theoretical Predictions
= B(Y(10753) = wyy,) ~ 103 predicted for 4S-3D bb mixture
= BESIIl: ete — Y(4220) — nnd/y, yX(3872), oy ---implies X(3872) partner “X,"?

* Belle Il Results

>0¢ 8 30
§, [ = Data Bellell |\ = 4 —eBelle Il data S =Data Belle II
S 40F —;otai: f'rt o [ Ldt =9.8 fb~ =t of -+ Belle data SN —Total fit [ Ldt = 9.8 fb~!
o TR 5 = 10745 Gev| ~ — Best fit 2 —e'e o0, 5 = 10.745 Gev
p ) S NG S N Solution | ) Smooth bkg
= X, 3 4 iMN\: 0 e Solution || S
E 20 'I 3§ ;
o C -—
2 o © 2 3
- : T © 15 T PP s .-..-.,.....T."- .......... L _ h # 4
. 9.9 29.95 10 AR TOR T SR T Y RN Toy T T b2 103 104 105 108 107
M(yY(18)) [GeV/c?] /s [GeV] M(0Y(1S)) [GeV/c?]

= Observation of wy, ,(yY(1S)) decay in energy scan data
*= Born cross section consistent with Y(10753) enhancement
= No evidence for yX, - oY(1S)
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7 Belle Il Energy Scan — Future Results
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« Active analyses based on energy scan data
= Quarkonium spectroscopy (conventional and exotic)
= Hadronic and radiative transitions
* Inclusive and exclusive final states
* Precision study of vector bottomonium

e Data at Y(6S)

= Accelerator upgrades during “Long Shutdown”
= 11 GeV will be accessible
= Revisit this region with 10x statistics?

Belle 11 / Bryan FULSOM (PNNL) / Exotics @ EIC / 2022.08.15

Golden Modes

ete” >t~ Y (pS)(— £T47)
BB decomposition

7t~ Dalitz

Yy — wnp(1S5)

Yy = wxes (1P)

Silver Modes

Y, = 7~ X (inclusive)
Y, — nX (inclusive)

Y, = nY(1S,2S)(— £147)
Y, = /T(1S)(— £167)

Y, — YT(15) (inclusive)

Bronze Modes

Y, = 7 X,

Y, = 7m0 (pS)(— £747)
Y, = KK(¢)Y(pS)(— £7¢7)
Y, — 779X (inclusive)

Y, — 7°X (incl. or excl.)




7 Other Belle Il Quarkonium Progress
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Y(MS)->ntnY(nS) decays in Y(4S) data
prelude to Y, (10753) analysis

“Rediscovery” of the X(3872) . 4
Belle Il Preliminary Ldt=72fb
1200 4
< Belle Il I
O 4o Preliminary ¢ data _
% . 3 X(3872) 1000 - ISR
0] j Ldt=628f0 | .. background < | 25—-51S
To) B* — X(3872) K" — total > B
0 > 800
(= =
Q I 0
S 5} . <600 [
~ 2
il c
2 0 ISR
= 0 400 |
o 3S—-1S
- 200 " #
0 SN i
382 384 386 388 39 392 - . S
M(J/yr*) [GeV/CQ] 0 A i il N it it

99 10 10.1 10.2 10.3 104 105 10.6 10.7
M(mrmutp) - M(up) + m(Y(1S)) [GeV/c?]

Belle 11 / Bryan FULSOM (PNNL) / Exotics @ EIC / 2022.08.15



\‘f/ Belle Il: Charmonium(-like) Future
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* B-Factories started the XYZs...but do not hold a monopoly!
= Many statistics dominated B-decay modes covered by LHCDb
= BES Ill energy scans extending range above 4.9 GeV

« Still well-known for this legacy (e.g., X(3872) still the most cited paper), and
essential for full understanding of these new states

« Key future contributions
= Modes with neutrals (e.g., neutral Z partners, n® transitions/decays)
* Unique double-charmonium (e*e’—cc cc) and two-photon (e*e™— e*e” cC) production
= Statistics-dominated: results will come with additional luminosity
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\‘f/ Belle Il: Bottomonium(-like) Future
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 Belle Il holds a special advantage
= Able to exploit tunable beam energy in 9.4 — 11.2 GeV energy region
= Main possibility to study Y, Y,, and Z, states
» Understanding of relationship between c- and b-sector spectroscopy

 Ability to run at non-Y(4S) energies has been demonstrated

* Opens multiple possibilities
* Revisit Y(6S) with 10x+ statistics
» LFV/spectroscopy in Y(2S,3S) decays
» Higher statistics scan of entire region and Y(5S)
= E. t0o A A, (beyond requires SuperKEKB upgrades)
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 Belle Il: next generation B-Factory
» Advantages with clean event reconstruction, neutrals, unique production
= Data collection underway since 2019, will continue through this decade

* Quarkonium / “XYZs” are a main component of the physics program
= Belle Il is poised to continue the successes of Belle
* Energy scan recently performed to understand features near 10.75 GeV
= Success serves as motivation for other non-Y(4S) data: Y(6S) and beyond

« Stay tuned for results at conferences this year
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