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Two-photon Physics at e*e” collider

Hadronic system withQ =0, C=+,
Real two-photon collisions:
JP=0%, 07, 2%, 27, 3%, ... (even)?, (odd #1)*

(Resonance)
Hadrons

\ (With virtual photon collisions, JP=1* is possible.)
Determination of JP by partial wave analysis (PWA)

Resonance formation:
["yy: proportional to the production cross section of the resonance

— reflecting meson’s internal structure

Decay properties
New resonances

Test of QCD, Form factors
Use of highly virtual photon y* is precious.
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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 ax=2-1x1034 cm-2s-

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

A 1 Cherenk :
SC solenoid O N Cherenkov cnt
LST <€

n=1.015~1.030

HER : High Energy Ring
LER : Low Energy Ring

2
n\
c
3
3

B alien Positron Target
Source
g—y .V ot . .
L / ¢ High momentum/energy resolutions
TOF counter C CDC+Solenoid, Csl
, \ , J Vertex measurement — Si strips
8 Geve entral Drift Chamber

Particle identification
gy small cell +He/C,Hg
SN\ TOF, Aerogel, CDC-dE/dX,
A ' , RPC for K,/muon
Si vtx. det. u/ K, detection P——— L/
3(4) lyr. DSSD 14/15 lyr. RPC+Fe PacificSpin2019, S.Uehara, KEK, Aug.2019




Two-photon results from Belle

process W (GeV) L (fb-1) |papers published by Belle year [
~aro 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
e 0.8-1.5 86  |JSPJ 76, 074102 2007
24-41 88  |PLB 615,39 2005
14-24 67  |EPIC 32, 323 Pl | Fseudoscalars
K'K- in No-tag
2.4-41 88  |PLB 615,39 2005
2.4-40 398 |PLB 651,15 2007 | [
K’sK’s
1.05-4.0 972  |PTEP 2013, 123C01 2013
nn 1.1-38 393 |PRD 82, 114031 2010
ar’ 0.84-4.0 223  |PRD 80, 032001 2009
AT/4KI2K2T 24-4.1 395 |EPICS3, 1 2008
nmt 14-34 673  |PRD 86, 052002 2012
n'm’ w,n(18),n.(28) [14-3.8 941  |PRD 98, 072001 2018
D Dbar 3.7-43 395  |PRL 96, 082003 2006 |
yJiy 3.2-38 33 |PLB 540,33 2002 |
@iy 42-50 825 |PRL 104, 112004 2010 Vectors
Wiy 39-42 694  [PRL 104, 092001 2010 in No-tag
WVQQ/uxp 1.5-40 870 |PRL 108, 232001 2012 |
ppbar 2.03-40 89  |PLB 621,41 2005 Baryons
ppbark'K " 32-56 980 |PRD 93,112017 2016 } in No-tag
n’ 0.6-4.0 759  [PRD 86, 092007 2012
o 05-2.1 759 |PRD 93,032003 2016 } foocalaIs
in Single-tag
KK 10-26 759  [PRD 97, 052003 2018

Summarized by M.Masuda

CII1D

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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QCD test with meson-pair production
at the high-energy region
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Meson-pair production and QCD

Low energy High energy

Meson
::;( quark
Meson

Meson

Meson

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

Energy -dependence

High energy Brodsky and Lepage
Kroll, Diehl and Vogt Cross section ratios
Handbag model under SU(3) sym.

Perturbative QCD approach
::M with soft hadron exchange

for exclusive meson production
M.Diehl, P.Kroll, and C. Vogt, PLB 532, 99 (2002)

Works with refined form factors PrEdICt
M.Diehl, P.Kroll, PLB 683, 165 (2010) PacificSpin2019, S.Uehara, KEK, Aug.2019 6



W-dependences at high energies

_ _ Collision’s -n
W=W, = \/sw cm. eneray o(W) ~W™ expected
15 (a)g*ar’c! 1 ;ﬁ (b)ng:j I SR (a)
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° T ° K*K-
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Fitted slope parametern, ®)costi<08 | @
<
e.g. for 2.5 -4 GeV, = g |
are different amongthe  Zoo 3 ®a, om0
. N 5 “9g
reactions. 2 01 °o
£ | KoK E 1M T Cee,
. . . 0.001 24 2i9 3.4 nmz.d 2?3 :312 313 4.0

Charmonium contributions W @eV) W (G

are removed

Qa9 |
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Cross sections and their ratios

~Process n W(GeV) |cos#'| BL BC DKV
= 79+04+15 3.0-4.1 <06 6 6
K*K- 73+03+15 3.0-4.1 <06 6 6
n°n° 8.0+05+0.4 31-41" <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 < 0.8 10

~Process oo ratio W(GeV) |cos#'| BL BC DKV
K"K /z"n~ 0.89+0.04+0.15 3.0-4.1 <06 2.3 1.06
KsKs/K*K~ ~0.10to~0.03 24-4.0 <06 0.005 2/25
o /ntnm 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°=° 0.37+0.02+003 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.

Summarized by H.Nakazawa and S.Uehara

D,
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o(y v — ®¢) (nb)

o(yy—00) (nb)

vy — Vector-meson pair

Belle, PRL 108, 232001 (2012)

05 9 dat 10
0.45 £ 8 ata T o™
04 E —_ 7 0 :; I %NWNH |
0.35 0 — 0
E - 6 L
03F = 5 w 10&5 |
0.25 £ 3 i 1095 2725 3 35 4
02E T 4 t m
0.15 = 3 b Q10
01E ° 2 hﬂ ; H#ﬂ
0.05 - B e (©)
e Lo d 3 et 0 Tl Mﬁﬂﬁﬂ!-——l . -
1.5 2 2.5 3 3.5 4 15 2 2.5 3 35 4
M(w 0) (GeV/c?) M(ow) (GeV/c?)
0.5 = 1g
0.45F * data i The large cross-section size for ¢
E —s— Q0% 101 e ; .
04E 0 " g cannot be well explained by a theory.
0.35F H
002-25_ Slope parameters for high W:
““E n=7.2 £ 0.6 (od)
02
015E 8.4+ 1.1 (dd)
01E 9.1+0.6 (mw)
0.05EF Similar values with 1.
1.5

PacificSpin2019, S.Uehara, KEK, Aug.2019



Light-meson spectroscopy

Scalar mesonsin 0.9 - 2.0 GeV/c?
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100 |

o (|cos 6*|<0.6) (nb)
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The six meson-pair processes; in total ~20 peaks

W<~2.5GeV: Dominated by resonance formation

Charged vs. Neutral tnt
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Confirmation of f,(980) and a,(980) formations

f,(980) and a,(980) :
Observed as a peak, very clearly in two-
photon production, for the first time.
S st |+ Belle | cosv" 1 < 0.6
< P - syst. errors
_”"' o Mark |l
bi g a CELLO 4 -_ f,(1270)
E 0(980) i ;Hj' ++#
e T #\‘
E
P L *';_
E1m ¥ ¢ ¢ +#
e JF v why
e T -ﬂ:'ﬂl bt L1i.1' ’ '1I_z' ' 1IJ ' '1;‘ s
W (GeV/c?)

& (yy»>n0z0) (nb)

o(jcos 0°}<0.8, 0.9) (nb)

160
1a0 | |cos 6% <0.8 *‘; + Belle
J ¢ Crystal Ball
= 0o } £,(1270)
w0 1f,(980)—>mOn0:
B0 | . .
B0 | .
; Vioh
i i }
ii‘i-’
20 } .
illiliiw - o
0 S
20 L
D2 04 D06 08 1 12 14 18 18 2
. W (GeV)
(b)
60 | aO (980)_)717[ Belle (jcos 0°]<0.5)
s Crystal Ball (jeos 67j=0.9)
50 | —==- Systemalic emor
- a2(1320)
40 t
: m
ol Tf a (1700)?
r,)o. = -.._._....,_ :tiun
w{ﬁm 2.2
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Two-photon decay width of f,(980) and a,(980)

e £ Scalar-like
oten e H.U} + cos? I < 0.6 .4-; “ S purcm{:iri:ul"gn
e _— A b (980 +,0T) .
160 Tc n Fa * J— Sﬂl:ln'lr'ter?er‘;nce Scalar'llke
2 —— 2D -—- pelynomial bgd 50
w140 e :_E, w b — porameterization 0
P | o~ 40 ---- (980 salF 1) 7T
PPk o irt "~ F T N polynomial bgd
P
o | -1o | ‘g 30 Y
TE Pttt ' : : S
B 4 S an 20
0.85 0.9 oes 11 115 o [ — parametrization [ N | Fgf e TR e,
W (Gev/c) __ If(1270)F . 10 B2 T T e T e
OF (b) | Oulrr > 1,(980) = n°n) 120 [ - Fﬂiyﬂrﬂr'“m bgd [ Pl RO tdr =
1 el A A - — {,(980) = K'K —-- inierference
: \ 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 \_."
] . i
Bos 08 0.95 1 1.0 11 IRES o
W (GeV/c?) o [ =

\ e e Predictions for f,(980)

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

= 1.241.1 481 T uubar,ddbar 1300 - 1800
M[MeV/c2]  985.6531:  9822+1.0%; 982,357 p——
[oodlMeV] 513799702 66.977.58  75.6%1.6710% 200 — 600

270

I, [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)—>nn

almost concealed by the huge f,(1270).

160
* Belle’s 1t measurement reports f,(1470). ; A
o« . N 140 b ¥ lcost' | < 0.8
May be visible in the line shape. | — totol
— favorable to the narrow f,(1500), ol - 070
but also consistent with f,(1370). T 100
& 0
k 80
fo(1370) U 16UPG =0l ! 1) r |
Mass m — 1200 to 1500 MeV E *
Full width I' = 200 to 500 MeV e 0
1p(1370) DECAY MODES Fraction (T;/T) P (MeVfe)
T seen 672 20
,},,.‘:.. scen 685 e —_ -'-““"_“:_’ :::: P T
PDG2019  --- o —= e —
puts the (1500) 1" 16(UPC) — o+ 0+ +) 08 09 1 11 . (Ezev) 13 14 15 16
opposite
favor. Edjfsw’;z; rlfellizﬁihgene\}s =14) Parameter Belle (#"#Y)  Crystal Ball Unit
fp(1500) DECAY MODES Fraction (I;/T) Scale factor {M:Wc) Mass l47()t?t;§ﬁ 1250 I'\/ICV/C2
o (34.5+2.2) % 1 |y ()()f%fgg 268 = 70 MeV
o, Bla' ) 11534503 430 = 80 eV —
YY not seen e




f,(1710) formation in K°KO

«- & . &

Yy = K% K%)(nb)

£, (1525) I cos?' 1 < 0.8

! KO.KO,

S*(nb)

f,(1710)

— parameterization
o RUITIOR !
............... iol bgd

1.1 12 13 14 is5 16 17 12

s 2
W (GeV)
Assuming a single resonance,
J=0o0r2. J=0is much preferred.

Parameter

£,(1710)

fit-H

X" /ndf

694.2 /585

Mass(fs) (MeV/c?) (17507577
ot (fr) (MeV) 138+12+96

—11-50

[ B(KK)y, (eV) 19+3+227

—2_8

Scalar hypothesis fit Tensor fit
H.L combined PDG fit-H fit-L

701.6/585

Two sotutions of interference [[796.3/585 831.5/585

- +q+'
1 “19_6_42
.r+1 1431
21+G+38

175076422 17204+ 6| 17507S  17297%
139713438 135+£6 | 132F]7 150+ 10

12+5+2 unknown| 2.1793 1.6£0.2

f,(1710) = KO KO is confirmed in two-photon process. 15



Single-tag measurements of
Scalar and Tensor meson TFFs

TFF: transition form factor
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vy — 'l : £, (980) and f, (1270) TFFs

Physics motivations:

- Q% dependence of TFF for scalar and tensor mesons

(This is the first measurement)
- Test of QCD of qg meson model

- Hadronic Light-by-Light contribution to g-2| ,

for validation check of theoretical calculations

£,(1270)
|

i
f,(980) L Electron-tag
| f, * Positron-tag

200
175
150
125

AL RAARY LALAS LALAY LAALS LAAR) RAALE RALAI WAL

Number of events/0.05GeV

100 i et
75 + ++++A#A 4+
Pk TR 4 Uy T
25 x o * ‘i' “.'L._-i-. *_+i.ti't "
P S T T RO TR T el o
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
W(GeV)

The f,/f, ratio is larger than in the no-tag case.

PRD 93, 032003 (2016)

P, e 2

F4

Definition of the scattering angles
in the yy c.m. frame J*

A

TcO

Zr.fvpeq—:%%rx*l&
T T L V/ g

[ »
0

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
G4 (0)(1+-=)
\ 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

m PacificSpin2019, S.Uehara, KEK, Aug.2019 18




do(y*y — rl:"fto)r’dlcns 6*| (nb)

15+

e
n

yxy — 197t :Cross-section results and fit

|cos 6* | dependence for Q? =9 GeV?
in different W bins

0.9 GeV

1F

3

PR ThATPL N PP

1.15 GeV

ety
A eyl

4

1.25 Ge\_i

(=]
"

0.5 1
|cos B%*

—
in

T

0.5 .,

1.45 GeV

" |cos 0%|

lines: solid

dotted= |S|*. dashed= |Do|?,

total,

and dash-dotted= |Ds|?

The curves are PWA fit constructed by

parameterized resonant (f,(980) and

£,(1270)) and continuum amplitudes.

Significant contributions from hel.=0
and 1, in contrast to the no-tag

(Q2=0) case

N,

6 (VY — n’n® ) (nb)

W dependence for different Q? bins

4

5

25.0 GeV

:

0
0.5

—

1 1.5 1 1.5
W (GeV) W (GeV)
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Q? dependence of the TFFs

£,(1270), helicity = 2

—
T

10t g

helicity-2 TFF of I"( 1270)

107 E

1CR)

P

P

| 1y

o} (0)(1+3=)

3y ' R
1079 5 10 15

20 25, 30

|F(QY)]
o

helicity-1 TFF of I"( 1270)

10

f,(1270), helicity = 1

107 R - ; ,—E
—IJ‘..l.;..l...;l....ljj‘.I..J;-
0 5 10 15 20 25, ,30

Q (GeV?)

Theoretical predictions:

10"

helicity-0 TFF of f (1270)

10°

f>(1270), helicity =0

Shorter error
bars : Statistical

TFF of f,(980)

107

0 3 10 15 20 5 30

' Q (GeV?)
f0(980)

Longer error bars :

T Gattistical and
1 systematic
I \¢
3 %@ Ty [
B R I s
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

PacificSpin2019, S.Uehara, KEK, Aug.2019
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How about in the K%K process?

- 7

> 16 | ,.";fz (1525) | 2 < Q%< 30 GeV?
o i
r 14F = v ---3<Q?<30GeV?
s 12 F i "1
210 F ! o
g 8 Vol .
w — [
= : XcO
3 6 F * y E,x.xau.-u xx
g 4 F *Loliwe o xm o X c2
5 S B VR O -
Z 2 F HE T X, LKL * N

0 il PR IR A B WP O W B T o A S TP

1.5 2 25 3 3.5

Threshold enhancement

(including backgrounds) a,(1320)/f,(1270) seen

21 events y(gev)

E No-tag Icosd' I < 0.8
el
& ?
5 b, (1320)/1
& o270
sufb ¢ | f0(1710)

13 * o

Ty "I ] "IM"'

Y

[-1) w [] " .H"r

.\f 1 | '.TF'T::h

10 events

G, (Nb)

0.6

0.4
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l

W-dependence for different Q? bins

0.6 0.6
][ 4.0 GeV? 6.0 GeV?

++++?L Olz-Llﬂjﬁ%ﬁ ’ ﬁ

8.5 Ge\?

0.4f 0.4}

ollw—t o, olee——ll 10y, 0111+|7§11:—}11:—+
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0.4 0.4
12.5 GeV? 22.5 GeV?
0.3f 0.3}*
0.2 0.2
0.1f
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.,-..f51+21l.l.2;5 OQJ‘”HL -+ 11+
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Y = KoKOs -

f(1525) TFF

1072

2

helicity-i TFF of 1 ’(1525)

helicity-0

helicity-1

helicity-2

0 5

20 25 30

15
Q® (GeV?)

10

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.

PacificSpin2019, S.Uehara, KEK, Aug.2019
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Threshold Enhancement, y ., and %,

The threshold enhancement exists at
0.99 -1.05GeV.

Q? dependence for the three lowest
W b1ins

Assuming that all the events near the y (%)

mass are purely from the charmonium decays.
Backgrounds are estimated <1 event in total.

+ 1#§GEV 1 1.075GeV ’ X 0 (@) 10 | X (b)
ﬂ— - c T
= o T — 0.1 "’“T 5?_ 13 ’:‘g e c2
K= ;: 1\ —— Z; 1 \
’ 0.01 = ' "b‘\ G Ne
. = \ = \
v = o PP Son | \‘*\
0.001 0.001 \ \\
0 5 10 15 20 25 30 ] 5 10 15 20 25 30
Q2 (GeV?) Q2 (GeV?) 0.01 : . —~ ~ . 0.01 : A — - -
1 1.125GeV @ (GeV?) Q? (GeV?)
| dee,e 5 2 2J +1) 2d? Ly .
A A —Theory (Schuler et al.) Def. dLQ’E = 4 (1"‘5?%) : MZ Jdl-ifdb; T, (Q")B(KSK)
= SBG: "
o] . [
JP=0* state with No tag lo0s 0%<0.5
0.01 70 r - lcos <(.! . . 2
__ﬁ M=0.98GeV/c2 | Consistent with Q
ok LI || g Xeco dependepce of the
@ (GeV) 371 i charmonium mass
- Not inconsistent with SBG. 2w c2 scale
.. . 4. E ’
- The limited statlst!cs .currently . 5 g ~1/(Q2+M(cE)?)
preclude a conclusive interpretation. Bl
z

W (GeV)



Physics at luminosity frontier

Belle to Belle Il
1999-2010 2018-

with x50 larger statistics

m PacificSpin2019, S.Uehara, KEK, Aug.2019 24




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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Charmonium(-like) states

X2(2P) is discovered by Belle, but so far seen in

vy — DD only.

Search for y,(2P) — DD*
another important decay mode
Difficulty: Low-p, soft & detection
%er(2P)—>DOD*0 —>DODO 1107y

Y ,(2P)—>D*D*- —D*D 1"
Y,(2P)—>D*D* >D*D°(")

Events/10 MeV/c?

i Whava T Proaen? Ml Tudem T
33 4 4

(c) combined
J Belle

e e =

Entries / 20 MeV/¢?

i)

M(DD) (GeV/c?)

Could be just here

M(DD)~ M(DD*) — 0.14 GeV/c2

D-meson pair with the the different charges —»

an identification of DD* even without tagging the soft pion

Possible with ~5 abl data.@ggg@

PRL 96, 082003 (2006)
PRD 81, 092003 (2010)

£
=
T

60

LN
=
TTTTT

30F

(©) 7

|} BaBar

I,

3 ol f
] o i i
4.2

4
m(DD) [GeV/c™
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Events/10 MeV

Search for the other or new states

Y ol2P) , expected also to have a large coupling to DD.
Double-charmonium production: y(2P) is at 3.8-3.9GeV and somewhat broad?

Belle, PRD 95, 112003 (2017)  No signature in B decay WO-Photon processes:

Events / 50 MeV/c?

18F — Elimination of 1 _,(2P) = DD* is needed.
% |e*e—>)/yDD Bille, PRL 100, 092001 (2008) ) 2
14:_ (:‘3 Belle B%_I<D°5° . g 0 0 |cos 8%]<0.5
12§ an- B—KDD K SK S
10} S XCO‘
8 32 ' g Something
6 > E
s z ?
a g1of ~ be here *
1 g, N R M [ b W + H’Jr 7 at 3.8 — 4.0GeV
5 ) .;_:.’_- B 1 l..n-r;' 0 ) ] : ‘ Ezo —
™ " oD’ (Gevich E M UL (\/
o GeVie ;
New resonant peaks in yy—>VV R— e
SE A X(3915)in vy 2> o))y of 4350 T Candidates of
0 f “ts: sk - exotic state
g [ .. . = Bl >
‘| This is found in B—>KX. § uf 3.20 [ o about in PP
4 F £ | :
2| 3 N, MM, ete.
0 5 41 415 42 425 43

W (GeV) M(eJly) (GeV/c?) 27



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

020 |F—T®

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

= BaBar
01 -# — fit(A)
A + CLEO
4+ CELLO
0.05 e Belle
— fit(A)
— fit(B)

o
[3¢]

30 40
Q2 (GeV2)

Belle Il (expected) vs. Belle
I

++ Belle measurement I /

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
Q2 (GeV’ )

60

N,
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Double-tag processes

Hadrons

Test of QCD by sy —»7r0

with Q,2~ Q,2
Dependence on Distribution Amplitude is small

The ee-based cross section
M. Diehl, et al., Eur. Phys. J. C 22, 439 (2001)

These measurements are feasible at Belle IlI.

N,

VYRS

~ 0(0.1fb)

Validation test for theoretical calculation of

Hadronic Light-by-Light contribution

to muon g-2
qu, 1

o
o

do / (do dQ?) [fb / GeV?

@x®

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

q3, A

—
(6)]

ﬁo cut's,
Belle -

<Q?>=4 GeV? _,
o is asymmetry of Q2 /- |

T

0 L I s L
-08 -06 -04 -02 O

02 04 06 038
0]
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Summary

Highlights of Two-photon physics results from Belle

for spin-dependent structures of hadrons and spectroscopy

- Systematic QCD test with many meson (and baryon)-pair processes @ 2.5 —
4 GeV

- Comprehensive light-meson spectroscopy: Observation of scalar states

- Discovery/observations of new charmonium(like) states, x,(2P), X(3915)
etc.
- Studies related to glueball, tetraquark etc. exotic hadrons

- First measurement of scalar and tensor-meson Transition Form Factors

Exploration for the luminosity frontier continues to Belle Il,
SuperKEKB.

m PacificSpin2019, S.Uehara, KEK, Aug.2019
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Backup
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Angular dependence

0.0
')/’y —> U T
" , (@) 40
:: w-z.ssc-‘:? EE w:ussa\'{‘_ gg ] (b)
T A 4:‘ s do/d|cosO* |csin0* is predicted by
ﬁ |:u l*"“ 15 £ —— .
gul A - [[; qg-meson model and perturbative QCD
'Ts !'no az 04 08 03 1 tm1 10 L
.i G Wedseow | g W=375GeV 5 {} . ' . .
R A ! mmy @ Fitto sin™*6* +b cos#*
i s { | = o N5 5 4 a5 @ bbecomes constant above 3.2 GeV.
] nz\;;;fl (1] [} M|:;sﬁn"i 08 1 W(GeV)
mode ainsin™ g GeV | cos 67|
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"+ bcos6 o441t - 08
Approaches sin™" 6 above 3.1 GeV
nr° Good agreement with 4 above 2.7 GeV 3.1-4.1 <08
Poor agreement with 4 Summarized by H.Nakazawa
m Close to 6 above 3 GeV 2.4-3.3 <09 S
Exclude T yoy region, 3.3 - 3.6 GeV Uehara, KEK, Aug.2019



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 —
Parameter J2(2200) Jo(2500) “n DS
Mass (MeV/c?) 22431713 2530 + 14755 Tusf — D
( T II ) 1AE _6_—537 p ":' _|_77_|_12614 f2(2200) - — . |Gz|2
Ftc:-t (I\IP\ ) 145 + 12_34 2{4—61—163 -I-

g

[\ B(KK) (eV) 32705153 4072007

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

Utm(?? —> Kﬂs Kos)(
2 &

-
-
L

- —_
.............

o0 NPT T P P b M " ak
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.
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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

PacificSpin2019, S.Uehara, KEK, Aug.2019
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Most beautiful charmonium signals

PTEP 2013, 123C01 (2013)

70

60 |

XCO

Number of events/10 MeV
B 5] 3 2
T T T T

o
T

[cos 0%|<0.5

KO KO

Yield

02.8 3 32 34 3.6

W(c;:V) '
PRD 86, 052002 (2012)
8o | , ]
n T
70F ¢ N .

60

50

40

Entries/8 MeV/c?

30 §
20

10

A T S b ialer il B ol

26 27 28 29 3 31 3.
M(n'n'n") [GeVie ?)

O ST

",

Interference | N, Ny —2InL/ndf
not included|248.3%170 53.070) 57.34/73
included | 266 £53 5371 57.22/71

* Interference between ., and continuum

Product of two-photon decay width and B(K°.KY)

Interference

T B(xe0) Iy B(xe2)
(eV) (eV)

not included

8.09 + 0.58 + 0.83 0.2687) 03r £ 0.028

included | 87+£1.7+£09 0277597 +£0.03
Belle 2007 |7.00 £ 0.65 £ 0.71 0.31 = 0.05 & 0.03
PDG 2012 73405 0.297 + 0.026

n.(18) = n'm"7~: I',, B is the product of the two-photon
decay width and the branching fraction. The world-average
values are shown for comparison.

Parameters This work PDG

Y 486730 = 53

M, MeV/c? 20827+ 18 +22 2980.3 = 1.2
I, MeV/c? 378 28 267 +3
IR eV oSy =586 194 =97
B. % 0.87 =0.20 2+ 1.1

PacificSpin2019, S.Uehara, KEK, Aug.2019



Formalism of PWA and parametrizations

Problems: Low statistics
Only 3 out of S, D,, D,and D, are independent
Non-unique solution (multiple solutions for resonances)
— Parametrization of the amplitudes with modelled W and Q? dependences

S = ABI;VE’.W)BW + Bse“:u'bBS.

4 ; | Bag (Wo/W)Ps
Di = \/rifa(Q?)(Afy1270) — Aas(1320))€'? 7P Bs = GimT 1 e

/ 2 i$pDi B _ Papo (Wo/W)*
+1/rifp(Q JA g5 (1525)€ PP PO @ mE e

r ~bp1
_ioBDi  B2Q%apy (Wo /W)
+DBpje ) Boi = (Q?/m2 + 1)ep1

_ BPaps (Wy/W)"P?

B —
A (H,) [8Tmsg fs bz (Q%/md + 1)cp2
Apw MY - I 2 172
" mg — W= —img gs B = /1 —4m3,/W?is the K¢ velocity
s

| Nominal fit

“Qm2 + 1)ps” Bs=0

Forp i Tipp i T2p = koQ” kv Q2

-Destructive interference between f,(1270) and a,(1320) _
-r,(Q?) and TFF for f,(1270) and a,(1320) are the same; Determine each component and

use the values obtained in single-tag nn° the relative phase by a fit

(0000 PacificSpin2019, S.Uehara, KEK, Aug.2019




do/d|cos0* /o

0.4

03

0.2

01

0.4

03

0.2

0.1F

0

Angular dependence and the PWA fit

Due to a lack of statistics, we use Q?-integrated angular differential cross section
derived with the following convention (MC generated isotropically)

d*o /d| cos 0*|d|p*| oc
Nexep (| cos 07|, |¢*[) /Nuc(

Q?: integrated over the full range
between 3 and 30 GeV?

cos 0%, [¢*]) W: 4 bins

-
%/

0.15F

0.05f

0.1

We regard this as the angular
| dependence at <Q? > = 6.5 GeV?

0 02 04 06 08

0020406081

Fit:

do/djg*|/c

0 02 04 06 08 1
|cos 8%|

0.05 |- raop gl Foeeefermden

—0.05t

Black: total

Red: t,

Blue: t, cosp*
Magenta:t, cos2¢p*

0 02 04 06 08 1

0

l9"| (deg)
Originally two-dimensional data are used.

50 100 150

Forward enhancement is from the A=0 component

N,

PacificSpin2019, S.Uehara, KEK, Aug.2019 38



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,
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