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7 Presentation Overview
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Northwest

AWhat was the energy scan?

A For 19 days in November, SuperKEKB and Belle Il collected data at four center-of-mass
energy points above the usual (4S) resonance

AWhy did we do it?
A Review of quarkonium physics
A Importance of these new energy points

AWhat happened during the energy scan?

AHow do we analyze the data? / What do we do next?
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7 What Is quarkonium?
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ABound state of heavy quark-antiquark pair
A1974: Discovery of Jly (cc), evidence of charm/quark model

A1977: Discovery of (bb)
BNL SLAC
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7 Interpreting new forms of matter
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A Hadronic Molecules @
A Weakly bound state of mesons/baryons 0

X3872: DD imo | ecul €
A Tetraquarks/Pentaquarks

A Di-quarks bound directly by strong force

A Other exotica diquark-diantiquark
A Hybrids: quarkonium with bound excited gluon
A Hadroquarkonium: qg-light hadron interaction

AfiNot hi ng special 0
A Kinematic effects / standard quarkonium

hadroquarkonium

_ qg-gluon“hybrid” T
A Lattice QCD e _
A Challenging calculation, but some progress underway c
conventional I

quarkonium threshold/rescattering/cusp effect

It is becoming increasingly clear that no single theoretical
paradigm explains all > 40 heavy-quark exotics Ann Rev, Part, Sci. 38 (2008) 51
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7 How do we study quarkonium experimentally?
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Northwest  Production Mechanisms

AMultiple methods to produce quarkonium/exotics at Belle I

JPC=0-+

++ Q++
& 2%+ 3

JrPe=0** JPC=1-- K
I"-‘\\ Y

€
Double c€  ¢=+1 yy collisions Initial state radiation

| B decays

A Production mode provides important information (e.g. JPC, type)
A Several of these are unique to e*e” colliders
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7 How do we study quarkonium experimentally?
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Mass, McV/c?
A

3800

A Search for transitions between states -
A Radiative (g) and hadronic (p pp° h, &)
A ~Governed by selection rules

3400

A Below-threshold

A ee/mmlow rate but clean, y/ states 3200 4
A hadronic: low rate/efficiency for N particles

3000 -

A Above-threshold
A Strong decays to DD/BB dominate

0t 1+
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7 B-Factories Legacy
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ml'gl\'I.AtLLﬁm?r§$ e. g.: AThe Physics of the B Fqctorieso, EPJC 74, 3026 (2014)
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XYZ0O St at es

A Several charmonium-like states found at Belle and Babar (also BESIII, LHCb)
AOpened the door to a new era of discoveries

B*- K*X(3872)- pp*Jd/
KRBT PP eve(g- Y(4260)- pptdly  Y(4260)- p [Z5(3900) - peJiy]
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PRL 91, 261001 (2003)

PRL 95, 142001 (2005)
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7 Discoveries in the Bottomonium System
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AThe B-Factories extended their physics programs with non- (4S) data
A e.g.: BaBar (3S) for discovery of h,(1S) and evidence for h, (1P)
A e.g.: Belle (5S) for B physics and discovery of h,(1P,2P), h,(2S)
AObservation of AXYZ0o J0%3),&zd (10610, 106600 t om s e c

+n~ hh + v + +
(5S)- p*p bb (55)- p'[Z.5- p* (123S)/h,(12P)] (6S)- p'[Z,- p*hy]
N h,(2P) Zb+(10610/50) -5 Z,(106XX)
3 L P o) d 100 L 12000} PR S 4L
hy(1P) | | \ : | Emm- \ g I
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T e C
PRL 108, 032001 (2012) PRL 108, 122001 (2012)

PRL 117, 142001 (2016)

AKEKB/Belle collected energy scan data (~1fb1) at several points up to ~11 GeV
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Question of Beam Energy

AWhich energies? What can we do? What can we learn?

e ~—(bb)] [nb]

ole”

N 3fbl = 12M 7lfbl=772M __ ~5fbt | 121fb1=36M L ~5fbt |
% 30fbt = 122M 433fb1 = 47IM 8t A
bb B Physics Yy Z,
| 101 LFV/NP cc bb > Y,?
| ‘ bb Z,? thz? bb
bb
B*B®)
100 £
Y(3S)
105
Y(2D)?

10.25 10.50 10.75 11.00

Ecu (GeV)
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7 What 0s speci al about

1 0.

JHEP 10 (2019) 220

Yb(10753)\
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o 4F
ARecent analysis of p*p- (I*1") transitions @
= I
= =t 0 e
%ﬁi? PUBLISHED FOR SISSA BY @ SPRINGER |

ﬂ (5S)  (69)

AccEPTED: October 11, 2019 20y

PUBLISHED: October 22, 2019

Observation of a new structure near 10.75 GeV in the

o(Y(2S)n") (pb)

Yb(10753)\

_}_ | :%:é[ﬁ‘*J f }\L-ﬂa

| i 55 (69)
H

energy dependence of the ete™ — YT(nS)ntn— of
(n = 1,2, 3) cross sections
-5
)
g |
.
D el
o 320
)
BELLE = I
®
The BELLE collaboration
R. Mizuk,**** A. Bondar,*% I. Adachi,'®!? H. Aihara,*> D.M. Asner,” & 0
10.5

(5S)  (6S)
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7 What 0s speci al about 10.
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Northwest JHEP 10 (2019) 220
";;4-_ Yb(10753)\ ﬂ (5S)  (6S)
ARecent analysis of p*p- (I*-) transitions 5 Loy W
° MMJ\ AN
P e :
AResults |

A Scan points: ~1 fb'l each
Al poi-peakon
A 2-3 points in the region of interest
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\’%/ Y, (10753): Further Evidence?
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CPC 44, 083001 (2020)
L L L B AL B B A A BN
Alndependent analysis
A Refit of Belle + BaBar energy scans g 400 = ‘ )
A Evidence for state in interference = |
0
L AL Tkl
2 200 | I“ | | | ! | =
Parameter [ Y(10750))  T(5S) T6S) 2 | ||| \
5 R
Mass/(MeV/c?) | 10761+2| 10882+1 110011  © _
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WidthMeV | 485£3.0) 495+15 35112 | e 9 (65)
0 A_M N IR —
106 107 108 109 11 1.1 11.2
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\’%/ Why is the Y, (10753) important?
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AUncertain nature
A Molecular interpretation? Does not coincide with a threshold...

A No clear conventional bb candidate
Conventional interpretations:

A Potential tetraquark? Chen, Zhang & He, PRD 101, 014020 (2020)

2 e - o Li et al., EPJC 80, 59 (2020)
Y(4S) B'B BB BsBs B;B. Y(55 - ’ :
(45) ( m Liang, Ikeno & Oset, PLB 803, 135340 (2020)

AExotico interpretations:
Wang, CPC 43, 123102 (2019)

Ali, Maiani, Parkhomenko & Wang, PLB 802, 135217 (2020)
U Bicudo, Cardoso & Wagner, arXiv:2008.05605 (2020)

Giron & Lebed, PRD 102, 014036 (2020)
é

vas) YG3D) Y(55)

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

ABig picture: relationship to puzzles in XYZ/charmonium system
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7 Some Key Theoretical Predictions

Pacific

Northwest Mode B(4q) (%) | B(bb) (%)
BB 39.3755°¢ 21.3
. _ | BB’ ~0.2 14.3
ABB:BB*:B*B* ratios predicted by BB’ 5237549 | 641
B, B, . 0.3
almost all models o 7 9T 1T 3
PLB 803, 135340 (2020) WXbJ - ~0.3
Fo(1370)T | 0.2+9¢ -
. nY - ~0.2
ABF(Y,( 1 0 7 5a8p)(1%)) may be 'Y : ~0.06
: h . ~0.2
large for tetraquark hypothesis e
CPC 43, 123102 (2019) f,(500)+f,(980) f,(1370)
>
ATetraquark M(p P shape prediction .
PLB 802, 135217 (2020) L %f

0.2 0.4 0.6 0.8 1.0 1.2 14
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AFit to mg. for B mesons reconstructed with FEI

JHEP 06 (2021) 137
8 7> — | & PES 8 k [
;|| BB|s | BB* B*B
2 200 2 2001 \ 2 200l
(] Q (@]
(59) ©6S) |i
100} (59) (6S) 100 - 100 -
i : (5S) (6S)
ok 0 0 S
—106 107 108 109 11
E.n (GeV)

A Lineshape fit inconclusive
ARequire 3-4 additional points
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\’%/ Input from Belle: p*p p°c,, »(1P) Decays
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AObservation of ( 6 S p*lF p°c,, ,(1P)[g (1S)] decays

A w and p*p p° components combined PRD 98 091102 (2018)

A Cannot distinguish ¢, ,(1P) 6 ~ -
5;_ L L
- . —~ 4F
ALow statistics at other points 8 E I
P= |
o 2 A~ -
. : O - C
ANo clear interpretation o 1f T
. © qE
ANeed more data and energies BT T
_351...l....1....1'....1....11..
10.75 10.8 10.85 10.9 10.95 11
Vs (GeV)
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7 Input from Belle: Dalitz analysis
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)

)

< H KN =
2 Y,(10753) H 3 107 e PP P pES)
£ , { H = gl 6 data points 10 data
, @ /l/ \] 'y o 5 o . points
AO‘...._...‘.‘..._‘H...H‘.. c 4r
| 3]
1
g | Y,(10753) ~, OF B (T
© ‘)J g 8 -
A \& ,} S 6
g 2 40
’ m 2l L]
= ’ H l i IHIT T |l T | 1
[ % I\L ﬂ { 079 92 94 96 9.8 10 10.210.4
_ St N D 5
 rr—— T JHEP 10 (2019) 220 | Mrecoi(®™ ™) (GeV/C)
10.5 10.6 10.7 10.8 10.9 1
E. (GeV)

A Insufficient data: need greater statistics to populate Dalitz plot
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7 Energy Scan Decisions
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A Considerations
A Potential for early physics impact by Belle I
A Limited luminosity requirement (O(15/fb))
A (6S) requires accelerator infrastructure upgrade
A Collaboration with SuperKEKB accelerator group scheduling

AProposed near-term non- (4S) plans
é\ 10.751 GeV (10 fb1): to study cross section enhancements } [ Nov 2091 J
A 10.657, 10.706, 10.810 (1+2+3 fb-1): additional points for other decays
A 11 GeV (30+ fb'): to study (6S) on-peak} [ Post-upgrade |
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:i:/ Energy Scan Data Collection
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AEnergy scan took place Nov. 107 29, 2021 (JST)
“TNovio wed |13 Thu |12 Fri 33Sat  la4sun  i5won i Tue

E 10 9.6/fb
5 0.3/fb 0.1/fb - .B&"e
> Maintenance 3.5/fb —
a ] 0.7/fb 10.706 GeV  0.4/fb -
e < 8 l Belle Il
2 10.657 GeV 'a i
5, 1.0/fb 1.9/fb 3.1/fb 0.8/fb =, -
T T R T T LT T = -
3 » -
3 1.3/fb 0.1/fb cC) - 4.6/fb
1.6/fb ‘= 4 —
§ 10.751 GeV 0.2/fb g - 3.5/fb
o — i
E 0.6/fb 2.2/fb 3.8/fb 5.7/fb 7.0/fb 8.6/fb ol 1.6/fb
" J24Wed [25Thu  [26Fi |27t [285uwn__ [29Mon  [30Tue | i |
Z 9.2/b 9.3/fb 0.2/t 4.6/fb | o B I ' I .
10 6 10.65 10.7 10.75 10.8 10.85
> Maintenance 9.6/fb Y(4S)
5 - 10810Gey 06/ Center-of-mass energy [GeV]
oo
£ - _
& | Contingency
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7 Energy Scan Steps in Context
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AUnique points between previous Belle energies
AHigher statistics (~2-10x) to confirm past measurements and improve fits

JHEP 10 (2019) 220
JHEP 06 (2021) 137
3.5/fb 1.6/fb 9.6/fb 4.6/fb

’ p BB | ] BB* <
| 3 200H S 200; E S 200F

\{\J)ﬁ 100 100 |- 100 |
] . 1 S RN PR ——— e o T o P I e, 8 I
10.5 10.6 10.7 10.8 10.9 11 106 10.7 10.8 10.9 11 106 10.7

E.. (GeV)
E.m (GeV)

All points ~1/fb except these (~20+/fb)
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7 Energy Scan Step Summary

Pacific
Northwest
0.03 |- Belle Il Preliminary
- Energy Scan
. - Nov 2021
AUse M(m mto estimate beam energy 0.025 | T
» 0.02 [
Energy (GeV) D,,n(MeV) D, (MeV) g igggg ggx
A Caveats: 10810 2306  ~23L7 | Zyos| 1075 aev
A Radiative effects (m n)g 10.751 171.6 ~169.9 g - 10.810 GeV

< Al . 10.706  126.6 ~125.4 .l
A Online conditions DB 10657 27 6 ~76.9 o1

A Calibration/PID/etc.

0.005 |
n - 0 | 1 ! | | | 1 | | 1 ! | | 1 ] I | 1 1 |
AWill re-measure offline 04 02 0 02 04
A Egy (M(pp)) [GeV]
10.9
% 108 10. 751 GeV 10. 810 GeV
c] .
J
‘. 10.657 GeV 10. 706 GeV
g (4S) (4S)
= 10.6
10.5
02,08 @ REPELLENS S D D PO PSR JEAR I .pq(aﬂ{;'f-} R IR I N I FUR SN R I g S LR S & A o 9 30 P D P D P D AR S P oD o
B T LG P s (e L S M P |l |l | R L L ”Ia-..;\'.-b \\\\\ A AT AN AR N N N N NN N N N H;\-'Pb\.H;\-H;\-1’\-";\-"'/\‘“:’\-'1\\':’\-%\.;:’\-";\.1' \\\\\\\ AN N A R e e N N N N R N R N I N N "L\\"'.;\-"b\ Ak Ak L

=8 M{mumu)
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\"7/ Beam ener

Pacific

Northwest  (\WWOrK in progress)

gy determination

B mesons

BELLE2-NOTE-PH-2020-002

-Reconstruct B- Dp decays, measure shift in mg
-Narrow peak but only on-resonance

M(mm

-High stats, poor resolution, available off-resonance

120
100 Mec fit on arbitrary
- Belle Il data subset
80k
60}
40}

200

Events / ( 0.00225)

g2 5.21 5.22 5.23 5.24 5.25 5.26 527 5.28 5.29

M, . (GeV/c?)

W

Ecms

—}— mumu data (+offset)
—}— B data

Com

arbitrary Belle Il data subset
(Modified from Radek Zleb&ik, Belle Il internal)

W‘me

parison of methods on

time

ABaBar energy scan: M(m in~21 MeV bias corrected to (3S) data [Pre 102012001 (2019)
ABelle p p (pS): ~9 MeV bias, M(m mnand mgec(p Pfrom (5S) data  [sHep 10 @oi) 220

Energy Scan Overview / Bryan FULSOM (PNNL) / Belle 1l Physics Week / 2021.12.03




:’i:/ Inclusive vs. Exclusive Analysis
Northwest

NATIONAL LABORATORY

Alnclusive: reconstruct only part of the e
AE.g..ete - p'p X
A E-g-: My = MpyissiREC ~ Sqrt[(pee B pp Qi]

(5S) - PP hy(1P)

© 600
L 600¢
: 3
A Potential advantages: o o 4s(1P) DECAY MODES
A Large statistics e okt (00
. . Ej: i M m(1S)y (5272) %
A Better resolution £ 400 L X
A Do not need to reconstruct X NL” 14(L5) DECAY MODES
g Mode Fraction (I';/T)
9 adrons
. . . = F; ghi 3h™ not seen
A Potential disadvantages: o C o
A High background = of 5 oy revsen,
< . . 2 B r6 ¢+$— 28;;
A Combinatorics N J( 7
p . w YL
A Other peaking decays 08 985 98 965 10

M, e (), GeVic®
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:’i:/ Inclusive vs. Exclusive Analysis
Northwest

NATIONAL LABORATORY

AExclusive: reconstruct a compupea)e fi nal S
AE.g..e*e - p'p (pS)- e*e /nmim
A Use DM to account for s(ll ) (5S)- p'p (1S)[mm]

90;

. " T(1S) DECAY MODES
A Potential advantages i< o o (11
- 70| —
A Low background : oorheT (260 £010) %
< : . 60 |- L e'e (238 £0.11 ) %
AFew combinati ons, - M3 wluT (248 £005)%
Hadronic decays

A Complete understanding of event 40 e geg (617 +07 )%

30;— V8§ (22 406 )%

20|

A Potential disadvantages
A Efficiency loss

10

Entries / 0.005 GeV/c?
g
I

~ - TR T TSRS ——

925 1.3 1.35 14 145 15 1.55

A Branching fractions AM = M(uurer)-M(up) (GeV/c?)
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Northwest  Diplon transitions in Early Belle Il (4S)data
BELLE2-NOTE-PH-2021-005, QWG/Moriond 2021 Wass (MeV)
11100 Y (11020)
. . 10900 1 Y(1 0860)
AExclusive final state: p*p-I*l- (e*e", ntm) Thresholds: T
B. B
10700 } : :B{ FE : V) Z, (10650)
Alnitial State Radiation production: wol T Z, (10670
Agsr (2S)- p'p (1S) Y89 1
Agsr (3S)- p'p (1S,2S) o o
ADirect transitions: (4S) - p*p- (1S,2S) | ves) n
T m\ h, (1P) T
A Analysis features o8 (I
A High p- leptons, soft pions 1 " A
A Different quarkonium production mechanisms o500 | | | |
A Preview of Y(10753) - p'p (1S,2S,3S) (19
9300 1 Adapted from PDG 2019
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o

Pacific
Northwest

NATIONAL LABORATORY

(4S) - p'p (1S,2S5) transitions

BF(x107?) BaBar Belle Average
APreviously measured by BaBar and Belle |[T(“S)— a* 7 T(15) [ 82£0.6 [8.0£0.7 | 81£05
T(4S) —» 7ta~Y(25) | 79411 | 86£1.3|82+0.8
104 e o T T 348 fp1 RERREBSF I‘I D Vs sy s 496 fbl
- P (- ] 102 1(d) (a) Y(ZS)—m nY(lS)_
102 - i 1 i e e D) YRS Y (1) 1 gy
F ; i Lo o '__(.c) Y(4S)-n Y (1S).
=~ 1o - < F (d) Y@S)-tmY(2S) ]
Q = -1 ~ — . L -
> L - > 9.8 o c
L i > 98[
2 9.8 ; . @, -
@ T 3soms 4S—mmlS = o6l
3 B e e - = L
! 5 2 S 94l
04 2 -
» b 45 : 921
92 2S-mniS 3S—nnlS o n L el
N ERWIE SER T L s ST PR ATARS FRTEE WS N S | e TR g
03 04 05 06 07 08 09 1 1.1 1.2 0.3 0.|4 015 0.6 017 08 09 1 11 12
AM (GeV/cd) AM (GeV/c?)

PRD 78, 112002 (2008) PRD 96, 052005 (2017)
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7 Basic Analysis Information

Northwest
AReconstruct p*p 1*l- (e*e-, mm)

The lepton selection criteria are defined as: The pion selection criteria are

* ldrj<1lem ) o m |dr| <1cm Looser criteria to include
e |dz| <3 cm _ _ e 1 |dz| <3 cm soft pI1oNs
> Basic track quality
e —(.866 < cosf < 0.9535 e m elD <09 _
pions = not leptons
e pr > 100 MeV /e J o m pulD < 0.9

o M(nxm) <2 Gev /CQ} Restrict to useful

e at least 1 lepton e/ D > 0.9 combinations

} Only need 1 good lepton

e at least 1 lepton with /D > 0.9

4 <pr(lf) <55 GeV/e Reduce AnAjunko and restrict
8.5 < ML) < 11 GeV/c? to useful combinations

nTracks == 4||nTracks == 5 } Remove backgrounds (but not everything)
cos O, < 0.95

> 50 MeV/c? Remove photon conversions (g e*e’)
Mmqax > oU MeV /c
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Northwest

NATIONAL LABORATORY

AResolution improvement in DM=M(p B )-M(ll )+Mops( (1S)) over M(Il)

2407 1600 [
S22 (1S)- mm - (3S)- p p(1S)y
2 ool S~50 MeV 1400 ['5~4 MeV |
o B j— -
180 8_1200 B
ﬂ o
£ 160 | =
3 140 | ‘31 000
| :
120 | W 800
100 |
- 600 |-
80 |
60 400
40 |
- 200
20
0_ ............................. o Brmr T T b e T
9.3 935 94 945 95 955 96 9.65 10.34 10.345 10.35 10.355 10.36 10.365 10.37
M, DM [GeV/c?]

AUse M(m mto understand muon momentum calibration
AFit DM with double-Gaussian to measure event yield / branching fractions
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7 Example Results

Pacific
Northwest

NATIONAL LABORATORY

3S- 2S 4s- 25

2S- 1S

45- 1S

3S- 1S

2S- 1S 3S- 1S

45- 1S
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