Study of mesonic states with
two-photon processes at Belle

7> Sadaharu Uehara (KEK) t
S D)

BELLE

F5[] 0 v—lg/E B R = (202049 F24, 25 H)



Two-photon Physics at e*e” collider

Hadronic system with
Total charge=0,C=+,

" Hadrons  Real two-photon collisions dominate:
&t M JP=0% 07, 2%, 27, 3%, ... (even)?, (odd #1)*
T~ With a virtual photon, JP=1* is possible

The yy cross section is derived using Equivalent Photon Approximation (luminosity function).

Single Resonance formation:
["yy: proportional to the production cross section
— reflecting meson’s internal structure

Measurement of Decay properties, Search for new resonances, ...

Hadron-pair production, Multi-hadron production:
Test of QCD/Hadron structure
Use of highly virtual photon y* (Q? > 1 GeV)
Q% =-q,?: virtuality of a photon
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Physics target in this talk

Study of mesonic states

with Single or two meson-production processes
y*y > M (- decay)
vy > MM’
We explore ...
- Light meson spectroscopy and exotics (tetraquarks, glueballs etc.)
- Charmonium spectroscopy and exotics (XYZ)
- Meson properties
- Transition form factors, (G)VDM etc.
- Verification of (p)QCD through qg-meson model

People contributing to these contents:
(Present Belle Two-photon members only, not covering the all):

Japan: Y. Watanabe, M.Masuda, Y. Teramoto, S. Uehara

Taiwan: H. Nakazawa, A.Chen

China: C.P. Shen, C.Z. Yuan
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KEKB Accelerator and Belle Detector

« Asymmetric e” e collider
8 GeV e (HER) x 3.5 GeV e* (LER)

Vs= around 10.58 GeV < Y(4S)
Beam crossing angle: 22mrad

» World-highest Luminosity
L

nax=2-1x103* cm-2s""

J Ldt ~ 1040 fb-! (1999-2010)

SC solenoid

;—-" HER : High Energy Ring
:‘ LER : Low Energy Ring
= Aerogel Cherenkov cnt. 8
5 n=1.015~1.030
lST R | ; Bl Positron Target
¥ Source
CsI(TI) =5 gev e High momentum/energy resolutions
IG.X'” = -3-,"':““—" .
2 - CDC+Solenoid, Csl
TOF counter - . .
J Vertex measurement — Si strips
8Geve §T \

entral Drift Chamber
gy small cell +He/C,Hg

W

Particle identification

TOF, Aerogel, CDC-dE/dXx,
. RPC for K;/muon
Si vtx. det. / ' u/ K, detection

3(4) lyr. DSSD 14/15 lyr. RPC+Fe
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Two-photon result publications from Belle

process W (GeV) L (fb-1) |papers published by Belle year [
Or® 0.6-4.0 95 PRD 78, 052004 2008
0.6-4.0 223  |PRD 79, 052009 2009
0.8-1.5 86 [PRD 75,051101 2007
100 0.8-1.5 86 JSP) 76, 074102 2007
24-4.1 88  [PLB 61539 2005
) 14-24 67  [EPIC32, 323 2004
S 24-4.1 88  [PLB 61539 2005
24-40 398 |PLB 651,15 2007 | [
KsK’s
1.05-4.0 972  |PTEP 2013, 123C01 2013
nn 1.1-38 393 |PRD 82, 114031 2010
n’ 0.84-4.0 223 |PRD 80, 032001 2009
ATI/AK/2K2T 24-4.1 395 [EPICS3, 1 2008
nn'w 14-34 673  |PRD 86, 052002 2012
n'm’ w,n(18),n.(28) [14-3.8 941  |PRD 98, 072001 2018
D Dbar 3.7-4.3 395 |PRL 96, 082003 2006 | |
yJiy 32-38 33  |PLB 540,33 2002 |
ey 4.2-5.0 825 |PRL 104, 112004 2010
wl/y 3.9-4.2 694  |PRL 104, 092001 2010
WOV PQ/uxp 15-40 870 |PRL 108, 232001 2012 |
ppbar 2.03-4.0 89 PLB 621,41 2005
ppbarK’K - 32-56 980 |PRD 93,112017 2016 }
n’ 0.6-4.0 759  |PRD 86, 092007 2012
nn° 0.5-2.1 759  [PRD 93, 032003 2016
KK 10-26 759  [PRD 97, 052003 2018

Summarized by M.Masuda

CII1D

Pseudoscalars

in No-tag

Vectors
in No-tag

Baryons
in No-tag

Peusoscalars
in Single-tag

Fruitful achievements
by more than 15 processes

-Observation of y-»(2P),
X(4350), X(3915),
enhancements in V'V

-Confirmation of £,(980),
a,(980), £,(1710)

-Extraction of Transition
Form Factors of 7%, £,(980),
£,(1270), £, (1525)
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The six 0--meson-pair processes; in total ~20 peaks
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— Study of Scalar resonances
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Confirmation of f,(980) and a,(980) formations
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J ¢ Crystal Ball
el 00 } f,(1270)
w0 1f,(980)—>mOn0:
B0 | .
B0 | .
40 | ¢ }:{
20 } ij'i’.
STLTRATT ™ T
0 RS :j:j::_
20 L o~ ' ]
D2 04 D06 DB 1 12 14 16 1B
) W (GeV)
(b)
60 | aO (980)_)7175 Belle (jcos 0°]<0.5)
s Crystal Ball (jeos 67j=0.9)
50 b —==- Syslemalic emor
. a2(1320)
40 |
. m
o ?f a (1700)9
I‘Jo. '_""-'—H- ---- :*il
w{ciw: 2.2

f,(980) and a,(980) : KK molecule component )
Observed as a peak, very clearly in two- 2
photon production, for the first time. E:
& ©
B A5+ Belle I cos®" 1< 0.6
< P - syst. errors
Py a Mark |l
e a CELLO 40 £,31270)
=T ,080) | S
= N %‘H’ +#
K —>TT T ’Hd' -
S : g
1 \ Wf’r : :
3 o w | £
S ’“% %
_ﬂu.'. f -u:gl _— : 5 .111. M .‘:2. " I1,|3. f .1;. " .1-5
W (GeV/c?)

S.Uehara, #5/E/05X Z—[E/E Sept.2020 7




fo(1710) formation in K°%K° and others

EPJ C (2014) 74:3026
A g| ue b a | | can d |d ate Mode Resonance Mass (MeV/c?) Width (MeV) T, (éV), (J,A)= { Ez 3;
2° £/(1525) | cos?" 1< 0.8 piae Do) SsSEHITLL saathY 205l
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T »E- | | KYK- : 76£15+£17/B
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Meson-pair production and QCD

Low energy High energy
Meson

;1( quark
Meson /

Perturbative QCD approach

for exclusive meson production
with hard scattering, distribution amp., form factor

S.J.Brodsky, G.P.Lepage, PRD 24, 1808 (1981) 1
M.Benayoun, V.L.Chernyak, NPB329,209(1990) Pred ICt
Meson scattering-angle

Kroll, Diehl and Vogt distribution,
Energy -dependence

Handbag model . .
. Cross section ratios
with soft hadron exchange under SU(3) sym.

Meson

Meson

High energy

Q

M.Diehl, P.Kroll, and C. Vogt, PLB 532, 99 (2002) — — -
M.Diehl, P.Kroll, PLB 683, 165 (2010) S.Uehara, #5/E8/ 75X %—/&/E Sept.2020 0



W-dependences at high energies

_ _ Collision’s -n
W=W, = \/sw cm. eneray o(W) ~W™ expected
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Cross sections and their ratios

" Process n W(GeV) |[cosé| BL BC DKV
atn 79+04+15 3.0 - 4.1 <06 6 6
KTK- 73+03+15 3.0 - 4.1 <06 6 6
7°n° 80+05+0.4 3.1-417 <08 10
KsKs 11.0+04+04 24-40" <08 10
nr° 105+1.2+0.5 3.1-4.1 <08 10
nm 78+06+04 24-33 <08 10

~Process oo ratio W(GeV) |cos#| BL BC DKV
K"K /z*x~ 0.89+0.04+0.15 3.0-4.1 <06 2.3 1.06
KsKs/K*K- ~0.10to ~ 0.03 24-40 <06 0.005 2/25
%70 \ntn 0.32+0.03+0.06 3.1-4.1 <06 0.04-0.07 0.5
nn° /n®n® 048+0.05+004 3.1-40 <08  0.24R;(0.46R;)*
n/7°n° 0.37+0.02+0.03 24-33 <08  0.36R?(0.62R?)*

T Exclude y .y region, 3.3 - 3.6 GeV.

i Assuming 5 is a member of SU(3) octet (superposition of octet and singlet with mixing angle of #, = —18°).

Ry is a ratio of decay constants, f2/f2.

@ nranges 7 to 11. Close or not far from QCD prediction of 6 and 10.

D,

S.Uehara, #5805 Z—/E/E Sept.2020
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v*y Cross Section and Transition Form Factor

v*y cross section: o(W, Q?) :
measured with a virtual photon in the Single-tag Mode

W: y*yc.m.energy, Q?=-q,% : virtuality of the virtual photon
o(W,Q?%) = o1+ ¢e0; (Transverse photon and Longitudinal photon)

<> Two real-photon collisions case : the No-tag mode,
where the contribution is only near Q> =0, and o(W) = o7 only.

Transition form factor (TFF) of a resonance: F(Q?)
Proportional to the helicity amplitude of the resonance production

¥, [F(Q?),] 2 « o (y*y — Resonance) Q’

y*
Produce Resonance with helicity A;
defined along the y* direction Y

Real (q,%=0)

QI S.Uehara, Z5/E25X %—EE Sept.2020

12



vy — 'l : £, (980) and f, (1270) TFFs

Physics motivations: ADEE CEPILES (P

- Q% dependence of TFF for scalar and tensor mesons
(This is the first measurement)

- Test of QCD of qa meson model

- Hadronic Light-by-Light contribution to g-2| ,
for validation check of theoretical calculations

f,(1270)

3 l
D oo F }

200 &
é 175 £ f,(980) Jr+ + Electron-tag
% :zz : + * Positron-tag
3 3 e, ..
5 Wk gt g T The f,/f, ratio is larger
5 50 E_ 'H‘++i+t t -{-* Ko b+ .
g 0L et AT than in the no-tag case.
S + L * L l'*u *¥x e
< 0 0 0.25 0!5 0.75 % 1.25 1.5 1.75 2 2.25 *;15

W(GeV)
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1CR)

Q? dependence of the TFFs

£,(1270), helicity = 2
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Theoretical predictions:

10'1

helicity-0 TFF of f (1270)

107

TFF of f,(980)

1024

f>(1270), helicity =0

ﬁ*ﬁ@ ——

PRI |

Shorter error
- bars : Statistical

Longer error bars :
Statistical and
systematic

5 To s 30 5 '30
Q (GeVY)
f,(980)

L B B S B B B
#G*ﬁf _
R T R T B Bt et

5 10 15 20 25 30

Q (GeV)

—— Schuler, Berends, van Gulik, a heavy quark approx. NPB 523, 423 (1998)

_ _ _ ibid., axial-vector mesons

N,

Pascalutes, Pauk, Vanderhaeghen, saturated sum rule, PRD 85, 116001 (2012), ’s

S.Uehara, #5/E/05X Z—E/E Sept.2020
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Charmonium(-like) states

Y»(3930) is discovered by Belle and confirmed by BaBar,
so far seen in the DD decay mo;ie only.

/ F — T T
(c) combined 605— ’ { )
) o ic)
Belle S 50 | H } BaBar
o E 40F
> ) S aof | { | ] )
3. { vy — DD £ F %{ H{ | 1 Recently confirmed also at LHCb
% \ = o - ||||I E
z a 10f TR LHCb: JHEP 07 (2019) 035
. ' ’ ] o 13 =
3.8 4 42 I
m(DD) [GeV/c] T e 3
D +,.-"‘m'r---uymﬂ"wu Lﬁdfﬁ Belle: PRL 96, 082003 (2006) :

W0 ceves  BaBar: PRD 81, 092003 (2010)

Consistent with the radial-excited
2P charmonium state.

888@ S.Uehara, $5/E/05X Z—/fE/E Sept.2020 15



r?’?(Xco ) FW(Xc:O)

Yo aNd Y., production with high-Q? photons

VEY = Ao KK memmresamsmnsesen

10

(a)
+ XCO
19 F
J‘ i
N
\ *"\"\\
0.1 1'1. \\
i\
0.01 .
0 10 20 30
Q? (GeV?)
do .. Q?

D. :'J2
ef 07 A (1

10 |— (b)
— T XCZ
R 1, _
\35"
S
5N
SEE AN
= N 3
= \ N z
~o01 |~ S g 0
\ \\. 5
\ 3
\ :
u\ -E
0.01 z
0 10 20 30
Q? (GeV?)
(QJ + 1) QdQLTh}.

Normalized by the
d No-tag measurements

[cos 07]<0.5

0 10
Xco NENE

@
o
T

C II
20 ; Xcz

MR | L | PR -
28 3 3.2 3.4 3.6 38 4
W (GeV)

Tz

)

M3 dWdQ?

T, (Q})B(KIKS)

PTEP 2013, 123C01 (2013)

Consistent with Q? dependence of the charmonium mass scale,

~1/(Q*+M(ct)?)

N,
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X(3872) search in single-tag with J/{pmt*rt final state

vy — X(3872)— J/y ntn-

JPC of X(3872) is 1+*. Production Allowed in single tag mode. DD* molecule candidate

T ] 2007.05696 (2020)
% N SLiiiiiiiiii..| submitted to PRL
SR X(3872)
= X(3915)
— - Theoretical expectation
= ! (roughly):
- E 1 .
O_I - I3|.6I | ii\\\;;\; - I3.|8I - 3.|9‘ — 4|1 - I4?‘[I - I4.|2I - I4|.3I - I4».4 dG/dQZ ~ QZ/(1+Q2/M2)C

M(Jhpxra) (GeV/c?)

o 2.9%2.2,020.1 events (3.20) found

No events for X(3915)

QI S.Uehara, Z5/E25X %—EE Sept.2020 -




Summary

Highlights of Two-photon physics results from Belle
for meson/exotic spectroscopy and structure studies
- Comprehensive light-meson spectroscopy:
observation of scalar states
- Systematic QCD test with many meson-pair production processes

- First measurement of scalar & tensor-meson TFFs
- Discovery/observations of new charmonium(like) states

- Charmonium and X(3872) production through high-Q? photons

QD S.Ushara, 25/5553 #—EE Sept.2020 %




Backup
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No-tag and Single-tag measurements

Experimental features

No-tag (No electron observed)
vy — hadron(s) (quasi-real two-photon collisions)
Relatively large cross section
A p,-balanced hadron system observed
C-odd (y* — hadron(s)) contamination is very small, in general.

Single-tag (only one electron observed)

v*y — hadron(s) (virtual-photon & quasi-real-photon collisions)
Relatively small cross section
p,-balance between a tag-electron and the hadron system

C-odd (y* — hadron(s)) contamination sometimes problem. P’

QI S.Uehara, Z5/E25X %—EE Sept.2020
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o(y v — ®¢) (nb)

vy — Vector-meson pair

05¢

Belle, PRL 108, 232001 (2012)

o(yy—00) (nb)

9
_E + data 9F =<
0.45 8 X o
04 E —_ 7 0 :?_ I %NWNH |
0.35 o 2 10y
E £ 6 E
03F = 5 w 102§ |
0.25 £ 3 i 1095 2725 3 35 4
02F T 4 t m
0.15 = 3 b Q10
01F © 2 h{I -‘:‘-\I‘ﬁd}M
0.05 & | ! ()
E 0 I .é}—.ﬂ.‘\ﬂ.\r&--—u- o
1.5 15 2 2.5 3 35
M(w 0) (GeV/c?) M(ow) (GeV/c?)
05 :
0.45F * data i The large cross-section size for ¢
E — O 10! e , .
04F 9 gy cannot be well explained by a theory.
0.35F H
0‘;2? Slope parameters for high W:
oy n=7.2 + 0.6 (w)
0.2
0.05F Similar values with ©07°.
1.5

S.Uehara, #5/E/05X %—[E/E Sept.2020
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Single-tag, TFF for nt¥ at high Q2

yxy —>70
The BaBar and Belle results are close to
or above the QCD asymptotic limit at high Q2.

BaBar, PRD 80, 052002 (2009) Belle, PRD 86, 092007 (2012)

More precise and more data points at higher Q?
are desired.

Errors for n%-TFF measurement in the high
Q? region at Belle Il are estimated, for
- Integrated luminosity 50 ab™
(x 66 of the Belle analysis)
- reduced systematic errors from
n%-mass fit and trigger efficiency

Q?[F(Q%)] (GeV)

Q2 > 60 GeV?
Huge background will come from Bhabha

0.30

0.25

0.15

0.10

0.05

0.00

Q?|F(Q%)] (GeV)

0.35

o
w

o
[
a

BaBar vs. Belle j
+
0.1-5 j_ e ___T%ﬁ

o
[3¢]

= BaBar
0.1 |4 — fit(A)
A + CLEO
+ CELLO
0.05 o Belle
— fit(A)
— it(B)
0 L I
0 10 20 30 40
Q2 (GeV?)
Belle Il (expected) vs. Belle
I
50 ab!
""" O (e
l* |
+ Belle measurement /
+ in 2012
”759fb'1 """" Expected error size for
Q! dependent (stat. and
a part of sys. errors)
component at Belle |
0 10 20 30 40 50 , 60
Q2 (GeV’ )

N,
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Formalism of PWA

G2 0 TFF is defined for each resonance R
|F(Q%)|= . o=~ produced with each helicity A
G (0)(1+-3
\ R M To obtain the resonance amplitudes:

Perform PWA, parameterizing W

. 0._0 2 dependence of the resonance and

do(v*~y — 7'x7"”) . :
0 — Z tn cos(ney™), continuum components, e.g.,
n=>~0
* M., =S5+ D,,

to My |* + [ My —|* + 26| Mo+ |?, S = By(W) + AL(W)
t1 = 2aR ((M}_ — M )Moy), Dy = 47 [Boo(W) + A (W] ¥,
to = —2603%(;11’*_ﬂf++). etc.

We determine each component as well as
++, +-, 0+ --- Helicity state of the incident photons the relative phase by a fit.
S, D, etc. -- Partial-wave amplitude in °z° scattering
B, A; -- Background and f-resonance components.
€» € - Aspin-dependent flux factor ratio for the virtual-photons

OIILD, SUehara, B5EI5 53 5—/EE Sepl2020 3




yxy — 197t :Cross-section results and fit

£ 3 2 — 2
ilrftzﬁﬁ?erla:fs\;eg?nesnce for Q=3 GeV W dependence for different Q? bins

0.9 GeV 1.15 Ge\| |[1.25 Ge\_j

15+
2t

1

e
n

oy i Auniw Y
PRETE L S 0 VAL sl S0P
0.5 1 0 0.5 1
|cos 8% lammu !

1.45 GeV lines: solid = total, |
dotted= |S1°. dashed:lIDg|2,
and dash-dotted= |D2|?

o Loz 0

do(y*y — rl:"ft“)r’dlcns 6*| (nb)

6 (VY — n’n® ) (nb)

The curves are PWA fit constructed by
parameterized resonant (f,(980) and
f,(1270)) and continuum amplitudes.

0 TFY L b D0 i 3
1 15 05 1 1.5
W (GeV) W (GeV)

Significant contributions from hel.=0
and 1, in contrast to the no-tag
(Q2=0) case
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How about in the K%K process?

ek -£,(1525) [4 2<qz<306ev | | Single-tag
o 4 E x —3<Q2<30GeV?
s 12 b 1 )
grof | o l
2ok EE Xco W-dependence for different Q2 bins
S b el T xe “Le2 0.6 0.6 0.6
2 o f [ el BT e . 0T 4.0 GeV? 6.0 GeV* 8.5 GeV’
: e ][ |
21 events \Gev) 10 events 04 04 041
Threshold enhancement
(|nC|Ud|ng baCkgroundS) NO 02(1320)/f2(1270) seen 02'# + +}_{_‘ ++ 0'2-’ ++ % + 0.21 ++
~— B " E 0..1:{:“...}_{_4..& 0]_1.};._{_..%} 0111+|7§11:—}11:—+
%“ . No-tag Icos?’ 1< 0.8 £ 9 15 2 25 1 15 2 25 1 15 2 25
E' 3 flfz'(1525) b§0.4 0.4
P38 b (1320)/1, | 12.5 GeV? 22.5 GeV*
% s fo(1270) 0.3 0.3(t
©2s | ; | f0(1710) . o
4oy |" | . .
SRR MH °-‘J‘ +
3 i :
| Wl Y OJIH- sl (14444
“r ‘,,f' p S 1 15 2 25 1 15 2 25
o W (GeV)
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O-tot U"ID)

Fit results in W (Q?) and angles

1 e
1.2 1.4 1.6 18

22 5 GeV*

Show indications of:

Black: Total

Green [S)?
Blue: |D,|?

i_’\ Red: D,

12 1.4

1.6 1.8

W (GeV)

- Non-zero D, and D, components in the f,’ (1525).
- f,(1270)/a,(1320) not visible
- An enhancement near the threshold (0.995 GeV).

N,

S.Uehara, #5/E/05X Z—/E/E Sept.2020
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vy = KOKO : f,(1525) TFF

10~"

1072

2

helicity-i TFF of 1 ’(1525)

helicity-0

helicity-1

helicity-2

0 5 10 15 20 25 30

Q® (GeV?)

Shaded areas; overall systematic

—Schuler, Berends, van Glick (SBG)
Nucl. Phys. B 523, 423, (1998).

The Q2 dependence of each helicity
fraction is assumed as:

Tofp * T1fp * Tofp = koQ? - kivQ2?: 1

Fractions k, and k; are floated.

helicity-0 and -2 -- agree well with SBG.
helicity-1 -- slightly smaller, but not
inconsistent.
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Events/10 MeV

Events / 50 MeV/c?

Search for the other or new states

New resonant peaks in yy—>VV

X(3915) in yy 2 ol/y

This is found in B—>KX.

4.2

4.25

W (GeV)

Entries/25 MeV/c’

4350

vy =2 )y

N=8.831

el | 5
2.2G Evidence of

X(4350)

M(¢Jly) (GeVic?)

Yol2P) , expected also to have a large coupling to DD.
Double-charmonium production: ¥ (2P) is at 3.8-3.9GeV and somewhat broad?

Belle, PRD 95, 112003 (2017)

18
16

14}

- |lete—J/wDD

B
o

No signature in B decay
Belle, PRL 100, 092001 (2008)

d/20 MeV/cz
o

N
o
T

Sign_a,l yiel

Belle B%_I(D"_D“

B—KDD

Number of events/10 MeV
%) [ £ wm

Ch=
o L ! I !
2.8 3 32 3

Candidates of
exotic state

How about in PP?

nn,, MM, etc.

Two-photon processes (No-tag):

PTEP 2013 123C01

“T/0 10
’“zK sK S
XcOi

[cos 6*]<0.5

Something
XCZ 5
be here -
| at 3.8 —4.0GeV
UL e 28
4 36 a4




High W, the luminosity frontier, 3-4 GeV region

Baryon-pair production processes are statistically limited

due to a large n for o ccW™

'YY —> pﬁ Belle, PLB 621, 41 (2005)

n=12443% @ 3.2-4.0GeV
Might agree with a QCD prediction n=10

Hyperon (A, X) pairs, A pairs etc.

also should be interesting at Belle |l
o(AA): 6(Z92%): o(pp) ~ 1:1:1 at high W I?
uds and uud

to solve possible diquark combinations.

10 - 1 Belle yy — pp
- L3yy— AA

L3yy— g T _
CLEO yy — AA |

& =

g
o

o(yy — Baryon Anti-Baryon) (nb)

oL Complete diquark pp

£l ! ,; '
E e diquark AA i o

[ . 050 B A

-- diquark XX e i

® . |

lcosO | < 0.6 P T

10" PITTS EPPI ITERNURY (NPERPTRY LA IRPIPYG (NYNPROTOL [T SPUIP (S AP |
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 38 4

W, (GeV)

N,
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Double-tag processes

Validation test for theoretical calculation of

ky/ek
VHEYF TR Hadronic Light-by-Light contribution
to muon g-2
Hadrons qi, pt q3, A

@x®

G.Colangelo et al., J.H.E.P. 1409, 091 (2014)

Test of QCD by y*y*_)no T oo
E 1
with Q12~ sz = : <Qi2>=4 GeV? __
Dependence on Distribution Amplitude is small “E: 1  is asymmetry of Q? /- -
The ee-based cross section ~ O(0.1fb) 2 05 S
M. Diehl, et al., Eur. Phys. J. C 22, 439 (2001) 3
: 0 —_
These measurements are feasible at Belle Il. 08 06 04 02 0 02 04 06 08

(0]
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Angular dependence

0.0
')/’y —> U T
» , fa) 40
:: w-z.ssc-‘:? EE w:ussa\'{‘_ gg ] (b)
T A 4:‘ o do/d|cosO* | ocsin?0* is predicted by
ﬁ |:u l*"“ 15 £ —— .
e ra - [[; qg-meson model and perturbative QCD
'73 !'n° 02 04 08 03 1 ?Hn 02 04 05 08 1 10 :
.i ! w-a.waov—: ;: W=a75GeV 5 J }; V . .
R A ! mmy @ Fitto sin™*6* +b cos#*
i s { | = L o L N TR @ b becomes constant above 3.2 GeV.
0 nz\;;;fl 08 1 ] M|:;sﬁn"i 08 1 W(GeV)
mode ainsin™§* GeV | cos 6*|
KsKs 3-8 26-3.3 <08
T Good agreement with 4 3.0-4.1 <0.6
KTK~ Good agreement with 4 3.0-4.1 < 0.6
i in—4 o= *
20,20 Better agreement vﬂth*sm 6"+ bcos# o441t <08
Approaches sin™" 6 above 3.1 GeV
nr° Good agreement with 4 above 2.7 GeV 3.1-4.1 <08
: Summarized by H.Nakazawa
- Poor agreement with 4 504-33 <09 Hadron2013

Close to 6 above 3 GeV

Exclude f y.y region, 3.3 - 3.6 GeV

JAZ—FERE Sept.2020



Two-photon decay width of f,(980) and a,(980)

e g Scalar-like
oten e H.U} + cos? I < 0.6 .4-; “ S purcm{:iri:ul"gn
— — - b (B0 +,(Y) .
160 Tc Tc Fa * J— Sﬂl:ln'lr'ter?er‘;nce Scalar'llke
2 —— 2D -—- pelynomial bgd 50
B 140 ¥++" E w b —  poramelerizotion 0
P | o~ 40 ---- (980 salF 1) 7T
T 0 Bt "~ F T N polynomial bgd
o | -1o | ‘g 30 ’ %
A ——— 5
0 S wn 20
0.85 0.9 oes 11 115 o [ — parametrization [ N | Fgf e TR e,
W (Gev/c”) —_ Ii,(1270)F . T A2 o O e
OF (b) | Oulrr > 1,(980) = n°n) 120 [ - Fﬂiyﬂrﬂr'“m bgd [ Pl RO tdr =
1 el A A - — {,(980) = K'K —-- inierference
3 \ T S e e o |- i / 0.9 1 1 12 13 14
20 -
" _tTensor-like | W (GeV)
S S = )
z 0 _—_______ ---------------- J - st ieam L o !
e - s : oS '
£ A0
-20 \_."
E . o [
Bos 0.8 0.95 1 1.08 1.1 1.15 o
W (Gev/c?) e s

\ e e Predictions for f,(980)

u.u* 1. 14 1.5 1.
| Meson | _f,(s80) | _/.(980) Mede) Lol

- - uubar,ddbar 1300 - 1800
M[MeV/c*]  985.605% s  982.2+1.0%, 9(%%333-1; 300 — 500
[ MeV] 513799702 66977255 75.6+1.67 73 200 — 600
270

r,[eV] 20550 286173 128573/ @ .,
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Scalarsin the 1.2 — 1.8 GeV region

* Hadron experiments report a wide f,(1370) and a narrow f,(1500).

* Some of previous two-photon measurements show a hint of f,(1100-1400)—>nr.

* Belle’s 11’ measurement reports f,(1470).
May be visible in the line shape.

— favorable to the narrow f,(1500),
but also consistent with f,(1370).

PDG2019
puts the

opposite
favor.

fo(1370) U 16UPG =0l ! 1)

Mass m — 1200 to 1500 MeV
Full width I = 200 to 500 MeV

1p(1370) DECAY MODES Fraction (T;/T)

T

seen

¥y scen

f5(1500) 16(JPCy =0t 0+ )

Mass m = 1506 + 6 MeV (S = 1.4)
Full width ' = 112 £+ 9 MeV

f(1500) DECAY MODES Fraction (I';/T)

Scale factor

T (34.5+£2.2) %

not seen

vy

160
va0 |- " % lcost?' 1 < 0.8
-  — total
120 |
F - 0.0
TT°TT
-
£ oo
=
o!: [
& 80
o 60
£
el 40
£ (MeV/c)
672 20
65 Tl ST e
L e ——
[ 1 1 1l 1 I (PPN
0.8 09 1 [ ] 1.2 1.3 1.4 1.5 1.6
W {GeV)
Parameter Belle (#"#Y)  Crystal Ball Unit
p Aorce +64T72 e /A2
who Mass 14706+ 72, 1250 MeV/c
71 Ly 90343 268 = 70 MeV
-1, B(a'7%) 11131 430 = 80 eV

753




g & 8 8 3

o(jcos 0°|<0.8, 0.9) (nb)
8

1.6 — 1.8 GeV: Mass region of the greatest difficulty

— 5 - lcos 6%]<0.6
0 @1 =sinm b A
: T]TC » Belle (jcos 0°]<0.8) ¢ ) D 2 )
=« Crystal Ball (jcos 0°|<0.9) a7 T 2 =
==== Systomatic error 5 35 F Zaf b My S 1
B = L : [Uﬁ ' =
- 1 t + -
o # & % “+’r b = 8
©25¢ Fitge pro = 1 ——
— i i’ ﬁ o F } 1+ [ ] I.- (ALY
= 2 [ ]
. 0 é L i’ é B T T T TR T T T . s "
s K ; P o o RATRRLT
I (=]
] 4t
1 %ﬂ' f’+++
L + +{ 05 (P 0.01
. . . L LN ] e
By T L ) ..."00.03_0 & e
Iy 08 1 15 2 2.5 3 3.5 0.001

1.6 1.8 2.2
W{GeV) W (GeV) 0.5 1 15 2 ZI?W[G:V} 35 4 45

. '[322
:+ * Extensive studies are performed in the radiative decays of J/y (—
'y ,/ Y99 — YR).
) e * a,(1700) 2 p’n® >t n® is confirmed by previous two-photon
iyl -~
T measurements.
Cwgw C T * 0,(1700) = nn’ seen in our data, but no definite parameters
obtained.

* £,(1810)=> nn is confirmed in two-photon process.
e An unidentified structure around ~1.6 GeV is seen in x° . But, its
correspondence to a single resonance of the mass is not sure.
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Fit Results for resonances in KO.KO

fZ(ZZOO)-fO(ZSOO) is the best solution (in all the J=0, 2, 4 combinations)

0.7
. — total
Fit B

Parameter J2(2200) fo(2500) “n DG
Mass (MeV/c?)  224377H3 0 2530 + 1473% T £(2200)

Piot (MeV) 145 = 12%; 274_%31%7?32 AU

[ B(KK) (eV) 3.2707 55 4072740

Significances %
— 3.40 for £,(2200) over £,(2200) \. :
— 4.30 for f,(2500) over f,(2500) o N,

Utm(?? —> Kﬂs Kos)(
2 &

-
-
L

=
e —
- -

-
.............

o0 NPT T P P b M "
2 2.1 22 23 24 25 26 27 28 29 3

W (GeV)
e There can be an only wide state around 2240 MeV.

e Narrow appearances in previous measurements may be due to an
interference effect and/or statistical fluctuation.

e A high-mass state at 2.5 GeV may be the heaviest light-quark scalar meson so
far found.

QI S.Uehara, Z5/E25X %—EE Sept.2020

35



Search for exotic baryons (Pentaquarks)

YY—=>ppKK
‘  N1520)° "

s 8 8

Events/5 MeV/c?

Events/10 MeV/c?

= M(p K’) (Gew1’

N,

PRD 93, 112017(2016)

Simultaneous fit: A(1520)° and ©(1540)°
signal are included.

The shaded histogram: ¥ Pt ~ sideband
288 1+48 A(1520)%vents, 8.60

22 +34 ©(1540)° events, 1.40

Similar simultaneous fit: ©(1540)** signal
Solid line: the simultaneous fit

The dotted curve: background estimate
The shaded histogram: ¥, Pt ~ sideband
-16 =34 ©(1540)** events
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