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Quarkonium(-like) statesine®e~

QQ meson with a pair of heavy quark (i.e., Q= c or b)
Good playground for quark model and for exotic XYZ states
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Various interpretations of the exotic states

Non-standard hadrons

High Priority:

e |dentify most
prominent component
in wave function

Molecule Tetraquark g oTta * Seek unique picture
describing all XYZ
states, not state-by-
state

Hybrid

Glueball

Pentaquark

Nature Reviews Physics 1, 480 (2019)

Besides above models, there still are screened potential, cusps effect, final state interaction ...

MITP Workshop 3



Initial state radiation (ISR)

ISR method was proposed in 1968 by Y. N. BAIER and V. S. FADIN.

Volume 27B. number 4 PHYSICS LETTERS 8 July 1968

ISR technique is a very effective tool to study exotic Y states (JF¢ = 177).

RADIATIVE CORRECTIONS TO THE RESONANT PARTICLE PRODUCTION

V.N.BAIER and V.S. FADIN
Institute of Nuclear Physics, Novosibivsk, USSR

Received 1 May 1968

Radiative corrections to the resonant eross-sections of particle production in colliding beam experiments
have been calculated.

Mechanism of the initial state radiation:

* Allows to study energies below E_

e Compensated by high luminosity at B-factory

e Wide energy range available for the cross section
measurements

Initial state radiation
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Results in BABAR
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SuperKEKB
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Results in Belle

ntnT ] /P PRL 99, 182004 (2007) 548 fb~1 Y(4008), Y(4260)
TP (2S) PRL 99, 142002 (2007) 673 fb~1 Y(4360), Y(4660)
DD, (2460) PRL 100, 062001 (2008) 673 fb~1 P (4415)

AFAT PRL101,172001 (2008) 695 fbh~1 Y(4630)

D°D*~m* PRD 80, 091101(R) (2009) 695 fbh~1 U.L.

KK~ ]/ PRD 77, 011105(R) (2008) 673 fb~ 1! U.L.

I ) PRD 80, 031101 (2009) 673 fb~1 Y(2175), ¢(1680)
nJ /P PRD 87, 051101(R) (2013) 980 fb?! 1(4040), 1(4160)

] /P PRL 110, 252002 (2013) 980 fb~1! Y(4008), Y(4260), ZF(3900)

KK~ ]/ PRD 89,072015 (2014) 980 fb?! U.L.
rtrYP(25) PRD 91, 112007 (2015) 980 fb?! Y(4360), Y(4660)

2.9 PRD 92, 012011 (2015) 980 fb~?! U.L.
TP (2S) PRD 91, 112007 (2015) 980 fb~1 Z7F(4050)
DDy, (2536) PRD 100, 111103(R) (2019) 922 fb~?! Y(4626)
DD, (2573) PRD 101, 091101(R) (2020) 922 b1 Y(4626)
evidence
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Remarkable charmonium-like mesons via ISR
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Study Y(4660)

Y(4626) In e"'e_ — YISRD;D51(2536)_(_) E*OK_/D*_Kg)'l'C.C.

For D*°K™ mode, full reconstruction of the y;sg, DY , and K.

D,: K*K'*, K.K*, K*K'mw*nO, K K*n0, nmt, n'n* ,and require DI K™ yigg recoil mass ~ D*0 mass.

For D*_Kg mode, full reconstruction of the ygg, DY , and K(S’, and do similar selection

* Mec(YisrDTK™/K2) distribution is making before

% applying the D*°/D*~ mass constraint.
= _
=  Due to the poor mass resolution, the D*®/D*~ signal is
:‘:03 very wide.
C
|.?>_J| * The yellow histogram shows the normalized Dy, (2536)~
I e By | mass sidebands.
%5 2 .25 3 35
Meec(v o, DsK /Kg) (GeVic) Phys. Rev. D 100, 111103(R) (2019)
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Study Y(4660)

Y(4626) In e"'e_ — YISRD;D51(2536)_(_) E*OK_/D*_Kg)'l'C.C.

To improve mass resolution, M,..(yisgrDd K™) is constrained to nominal mass of D*°

The resolution of M ..(Yisr) is drastically improved (~180 — ~ 5 MeV).

Mrec(YISRD;-K_) - \/(Ezm - E;ISRD;—K_)Z B (p;ISRD;-K_) ’

Events/2 MeV/c?

I (a) o M oc(YisrDY) distribution is making after applying the
150 A - 5 D*9/D*~ mass constraint.
100 -  The yellow histogram shows the normalized D} mass
| S i o | sidebands.
S0 e The fit yields 275432 D¢, (2536) signal events with the
statistical significance of 8.00.
0 e P B I SR I U I I I
2.5 2.52 2.54 2.56 2.58
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Study Y(4660)

Similar mass and width of Y state at around 4.6 GeV in
following channels, are they from same resonance?

Experiment ____| Mass (MeV) __| Width (eV)

Belle:
BaBar

PRD91, 112007, (980/fb)
: PRD89, 111103, (520/fb)

Belle, A* A~ 4634 8 13 CrRE 100 [
Belle, nmy’ 4652+10+8 68+11+1 § 75| "
BaBar, tmy’ 4669+21+3 104+48+10 € sl ’ Pl =
Belle, D,D,, 4625.9¥6240.4  49.8139440 4; | *’H ”| ||“H
( ) ( ) s |HH}.}...___ﬂi.ﬁﬁ!____ffhﬂ*_l}}+tﬂiu“ﬁ+¢t¢wtﬁ

Y(4626) = Y(4660)?
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Study Y(4660)

e Consider all possible signals at 4.63 GeV from same
resonance, fit on the cross sections simultaneously:

——data
-+ data
— Best

BESIII)
Belle)
it

M = 4623.7 +4.4 MeV /c?
/ Private work
['=62.0+ 6.8 MeV

* Why does Y(4660) couple to Ss and charmed baryon
strongly?

Tetraquark state?

« PRD 101, 054010 (2020)
« PRD 101, 054039 (2020)
Molecular state?
 EPIC8O0, 3(2020)

High charmonia?

« PRD 101, 034001 (2020)

N T S|
4.5

5 55
M(mrnw(2S)) (GeV/c?)

I

—+data (Belle)
— Best fit

—data (Belle)
— Best fit
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Y(10860) on-resonance data
New structure near 10.75 GeV 121 fb?
Y(10860) ISR data (stat. only)
* Energy dependence of the e¥e™ » Y(nS)n*n~ &
(n=1,2,3) 2
]
©
* ISR process in the Y(10860) on-resonance data
provides support for the new structure.
* New structure has global significance of 6.8¢0 f
3
T (10860) T(11020) New structure &
M (MeV/c?) 108853 + 1.5 422 11000.042 19 10752.7 + 5.9 107
I'(MeV)  36.6755 197 238158 10E 35578 NES -
o)
D-wave bottomonium? :é:
*  Phys. Rev. D 101, 014020 (2020) &
« EPIC 80, 59 (2020) S
B®B® dynamically generated pole? ©
*  Phys. Rev. D 101, 034503 (2020)
Hybrid?
*  arXiv:1908.05179 - . | | | |
Tetraquark state? 105 106 107 108 109 11
+ Physics Letters B 802, 135217 (2020) JHEP 10, 220 (2019) Fon (5€1)
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ISR study and prospects at Bellell

Asooo_ €® Comparable with BESIII in direct
E i ete™ annihilations
e " € Continuous mass range to
'ié; s W in.vestigate fine §tructures |
= 1000 g T @ Higher mass region (> 5.0 GeV) is
3 e unique for Belle Il

0 ==

Ecm (GeV)

From PTEP 2019 (2019) 12, 123C01, Belle Il physics book
Golden Channels FE.,, (GeV) Statistical error (%) Related XY Z states

/1 4.23 7.5 (3.0) Y (4008), Y (4260), Z.(3900)
rta—(25) 4.36 12 (5.0) Y (4260), Y (4360), Y (4660),
Z.(4050)
KYK=J/¢ 4.53 15 (6.5) G
r+rhe 4.23 10 ap 15 (6.5) Y (4220), Y (4390), Z.(4020),
. _~ 50abl Z.(4025)
WXeo 4.23 35 (15) Y (4220)
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ISR prospects at Bellell

0 Measure more precisely the line shapes of more final states in e*e™ annihilations,
including open-charm and charmonium final states.

O Search for the Y states in more processes, such as Y — charmed baryon pairs
(ALZZ, ZFZ7), charmed strange meson pairs (D,D,,(2573), D.*D,,(2317)), ...

O Search for Z_ states decaying into K*] /{5, D; D*+c.c., Di"D%c.c,, ...

O Determine the quantum numbers, measure the Argand plot of the resonant
amplitude, and search for more decay modes.
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Ongoing ISR analysis on Bellell

ete™ - J/P(-» ptp~) via ISR

The polar angles for muon tracks from signal

MC simulations and data after trigger

efficiency corrections. Both are consistent.
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1

PHOKHARA generator has
been embeded into Belle2
software framework to
simulate ISR events.

2000

1800 - Belle ll Preliminary —e—Data
1600 F — total pdf
o : fL dt=37.8fb" -----backgrounds
> 1400 |
qJ L
= 1200
[{e]

M(u*w) [GeV/c?)
Results Data MC
Mass (3.09740.001) MeV/c? (3.098+0.001) MeV/c?
Resolution (22.0 £ 0.8) MeV (19.1 £ 0.5) MeV
(Expected) J/v signal yield 9566 + 214 10530 =+ 892
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Ongoing ISR analysis on Bellell

ete™ - LIJ(ZS) N T[+T[_J/L|J N 2005_ + T"e“ Preliminjry
L C Ldt=37.8b
E 1502— LLLL
Selection criteria: 2 100
 PID(p) > 0.5,PID(e) > 0.5,PID(m) > 0.1 2 sof
*  IMU/U)-my,| <75 MeV/c? :

* ISR photon not required (high efficiency) §6i "3e6 368 37 a7z a4

M(r*mJhy) (GeVic?
¢ IMEecon(mrI/b) | <2 (GeV/c?)? ) (Ve
150 - Belle Il Preliminary
c:'g_ i j Ldt=3781"
3 | ee
E 100
Clear observation of ISR {)(2S) signals 2 |
with low backgrounds. > Sop
Next step: 64 366 368 37 372 374
+ - 2
“Y(4260)” rediscovery M(r Jy) (Gevie?)

[expect ~60 events per 100 fb1]
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Ongoing ISR analysis on Bellell

Motivation:
* Rediscover W(2S) at current statistical level.

 Validate PHOKHARA generator performance. ete™ — P(25) » n'n%/YP
e Check strategy with well known cross section
ete™ - P(29)

* Prepare for later large data sample.

1500
© 1000 MC b
S ; S
2 ‘ <1000
Q o
(2] [2]
£ s00- £
3 $ 500
w w
03 é.ag .............. :.3. f1 ............. 3 .-61-g 30 0 L I3.65 h i 37 375 Next Step:
M(°rCJAp) (GeV/c?) " »”

1000 Y(4260)” and neutral
% 0o Lo Z. rediscoveries
< 600} S
Y - q

B [2]
% 400} £ 5001
@ 200 @
0‘ BT R e et esesasnaces, - 0_ A 1
3 3.05 3.1 3.15 3.2 3.65 3.7 3.75

M(e*e) (.GeV/cz)
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Ongoing ISR analysis on Bellell

Motivation:

1 (4040) and Y (4160) are evident at Belle
* Prepare for later large data sample.

ete” - Y(2S) - nJ/

Selection criteria:
* For photons from n: E, >200 MeV.

* To suppress Bhabha background in J/ — ee, (|8.,(e™) + , soo- 77 signalé
O.m(e™) — 180°]) is required to be greater than 5°. 3 wol
o |MZ_.q(MI/P)| < 1.5 (GeV/c)? to identify ISR events. r I
S 200
500 L B
b 400 G MC N P Naa
E 300 E ¥ 8.4 0.45 0.5 0.55 0.6 0.65
L 5 ol M(yy) (GeVic?)
& 100 o Only the n — yy decay mode is
O3 3.05 3.1 315 3.2 o- 366 368 37 372 considered.
- M(u*w) (GeV/ic?) Min Jhp) (GeVic?)
L 300 MC % 300 MC
: | 5 . Next step:
¢ B Explore the extra excited
0; 3.‘05 3‘.1 3.15 3.2 2?(;6 3.67 3.‘68 3.‘69 3.7 3.71 LI" and possible Y States
M(e*e’) (GeV/c?) M(n J/p) (GeV/ic?)
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Summary

@ ISR physics is an interesting way to look for resonant states. This is
unique to the ete™ experiments.

@ The expected Belle Il data sample of 50 ab! will provide a lot of
new opportunities for charmonium-like analyses via ISR process.

Y (4S) on-peak data + non-Y(4S) plans

Now End 2021 Mid 2022 ~9 month 2023~2026
~214 0t | ‘ ~400 fb% \ 7| ~750 01 [ _>[0(10) ab'1}_> Upgrades

All data samples at any energy points can be used for ISR analysis.
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Back up
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