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Two-photon Physics at e*e” collider

Q = O , C = +’
for real two-photon system,
Hadrons ye_ o+ 0 2+, 2-, 3+, 4%, 4-, 5* ... (even)?, (odd #1)*

(Resonance)

ef Yk

Strict constraints for quantum numbers —Determination of J° by PWA
[yy: The cross section is proportional to the two-photon partial decay width of

the resonance, useful information to explore meson’s internal structure

Decay properties of the resonance
Searches/Discoveries of new resonances

Isospin mixing, interference effects among various processes
Form factors, Test of QCD (including a use of highly virtual photons )
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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

Lo =2.1x1034 cm2s

J Ldt~ 1040 fb-! (Completed in Jun.2010)

‘;-" HER : High Energy Ring
:‘ LER : Low Energy Ring
]
. Aerogel Cherenkov cnt.
SC solenoid R N\ B e1.015~1.030 Sl s Tamet
IST . \, . N " = 1 Source
CsI(T1) ) =5 GeV "
¥, ' =2
TOF counter: .

High momentum/energy resolutions
CDC+Solenoid, Csl

o
4
%

| Vertex measurement — Si strips

tral Drift Chamber  Particle identification

D small cell +He/C,Hg
D

L

TOF, Aerogel, CDC-dE/dx,
, ' RPC for K,/muon
Si vix. det. u/ K, detection L/
3(4) lyr. DSSD 14/15 lyr. RPC+Fe
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Published Two-photon Results from Belle

mmmmmw Comments

ppK'K- PRD93,112017(2016) 980fb? 3.2-5.6 A(1520), ©(11540)
a2 Pentaquarks
y+y—non® PRDY3, 032003 (2016) 759 fb! Q2<;:',0 0(980), £2(1270) Slngle tag’ Scalar and tensor meson TFF
GeV
KOKO  PTEP2013,123C01 972fb? 1.05-40  £,(1270), a,(1320), £,2500) .o . - i
(2013) GeV £/(1525), £(2200), £,(1710) e Neutral P-meson palr
N PRD 86,052002  673fb! 1.4-3.4 n(1760), X(1835) Ne P-. PT- mesons
(2012) GeV 4
y'—n®  PRD86,092007  759fb1 4<Qi< S|ng|e tag p|0 TFF
(2012) 40 GeV? ’
op.0p.  PRLI0B,232001 870 <40 w. Neutral V-meson pairs
fora} (2012) GeV Ne .
nm  PRDS82,114031(2010) 393 fb? 1.096- £,(1270). £,(1525) Xeo 2 Neutral P-meson pair
3.8 GeV :
Wi/ PRLI104,092001 694 fb? 3.9-4.2 «e  EXotic charmonium-like
(2010) GeV . . .
I PRL104,112004  825fbl 4.2-5.0 wso  EXOtIC C harmonium-like
(2010) GeV 2 .
n®  PRDS0:032001,2009 223 fb! 0.84-40GeV  2,(980) , ay(1450).a,(1320) Neutral P-meson palr

nn? PRD79:052009.2009 223 fb!  0.6-4.1 GeV £4(2050), £2(1950) Xco 2 N eu t ra I P_ meson p a i r

0  PRD78:0520042008 972 fb1 0.6-40GeV  £,(1270). f,(980).2°(1525) X e

. Neutral P-meson pair

four- EPJC53,1(2008) 395 fb! 1.4-3.4 GeV Neoreellice .
e vz Charmonium decays
K°K®  PLBG65I,15(2007) 397.6fb- 2.4-4.0 GeV Xeo 2

n “  Neutral P-meson pair
T PRD 75,051101(2007) 859 fb! 0.8-1.5 GeV £,(980), £,(1270), n'(958) Charged P—meson pair

DD PRL 96, 082003 (2006) 395 fb! Xe
pp PLB 621, 41 (2005) 89 fb*! 2.03-4.0 GeV Me NeW Charmonlu m
wmr  PLB615,39(2005) 87.7fb! 2.4-4.1GeV Xeo 2 Ba ryon pa ir
/K'K” ‘
K'K* EPJC32323(2003) 67f!  1.424GeV £2°(1525) Cha rged P-meson pa ir
v/b  PLB 540,33 (2002) 32.6fb" 32-38GeV Xer .. .
~  Radiative decay of charmonium
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QCD test at high-energy region
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Meson-pair production and QCD

Low energy High energy

Meson
:g( quark
Meson /

High energy Brodsky and Lepage
Perturbative QCD approach Predicts...

Meson

Meson

for exclusive meson production Scattering-angle

Works with refined form factors (of meson)

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

\M Cross section ratios

Kroll, Diehl and Vogt under SU(3) sym.
Handbag model

with soft hadron exchange

M.Diehl, P.Kroll, and C. Vogt, PLB 532, 99 (2002)

M.Diehl, P.Kroll, PLB 683, 165 (2010) S.Uehara, KEK, Jul. 2017



“vv — Pseudoscalar-meson pair” from Belle

10 papers for 6 processes

PLB 615, 39 (2005) 87.7 24 -4.1

PRD 75, 051101(R) (2007) 85.9 08-15

J. Phys. Soc. Jpn. 76, 074102 (2007) 85.9 0.8—15 \/
K+K~  EPJC 32,323 (2003) 67 1.4-2.4 v

PLB 615, 39 (2005) 87.7 24-4.1 v v
7t07t0 PRD 78, 052004 (2008) 95 0.6 — 4.0 +

PRD 79, 052009 (2009) 223 0.6 — 4.0 v v v
KO KO, PLB651,15(2007) 3971 2.4-4.0 v v

S™™ S PTEP 2013, 123C01 (2013) 972 1.05 — 4.0 N, N, N,

N PRD 80, 032001 (2009) 223 0.84—4.0 v v
nn PRD 82, 114031 (2010) 393 1.1-3.8 v v \

Differential cross section do/d|cos 0*| for these processes are measured.
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W-dependences at high energies

Collision’
W=W, = \/;1(1( oeene Assume or expect G(W) ~W™

c.m. energy
s (a)g’“?" 1;& (b);Jr:’;- LI (a)
— E - Balle —_— L -+ Bealle | . o a
= 1}34%; ~ALEPH| o | ﬁﬁ ~ALEPH|| iy 7H'COTCO
cll & g ™ DN
7 7 @ nnd i 3
Sl g L nmo 1
= = % S
2 il E ik 1
° T ° I KK
0 s e T es i T an I 2 e i
W[GeV] W[GeV] W (GeV)
. 0.1 - .
Fitted and reproduced - ®)leos0”<06 | @)
. = —~
Slope parameter n different = 2 .l
. ¥ S el oo, mORTO
among the reactions *0-01 ¢ ® o gy
ﬁ 0.1 ° o
: : : E Ks%Ks® % nn . "% Qg
Charmonium contributions °
H 0.001 I nmz.a z.ls 312 313 4.0
not included/removed 2.4 29 34

W (GeV) W (GeV)
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Cross sections and their ratios

Process n W(GeV) | cos 6| BL BC DKV
KaK3 11.0£04+04 24-40" <08 10

nta 79+04+15 3.0 - 4.1 <0.6 6 6

KTK- 73+03+1.5 3.0 - 4.1 <0.6 6 6

0 8.0+0.5+0.4 31-417 <08 10

nr° 105+1.2+0.5 3.1-4.1 <08 10

nm 7.8+0.6+0.4 24-33 <08 10

Process oo ratio W(GeV) | cos 6| BL BC DKV
KTK /atn~— 089+004+015 3.0-4.1 <06 2.3 1.06
KsKs/KTK~ ~010to~0.03 24-4.0 <06 0.005 2/25
7%/ atn 0.32+0.03+0.06 3.1-4.1 <06 0.04-0.07 0.5
nr° /n%n° 048 +0.05+0.04 3.1-4.0 <0.8  0.24R(0.46Ry)*

)/ n°n° 0.37+0.02+0.03 24-33 <08 0.36R?(0.62R?)*

T Exclude yoy region, 3.3 - 3.6 GeV.

+ Assuming 7 is a member of SU(3) octet (superposition of octet and singlet with mixing angle of #, = —18°).

R; is a ratio of decay constants, f,f/ffo.

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

Summarized by H.Nakazawa

@ Cross section ratios tend to be constant above 3 GeV. Hadron2013

“HD,
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o(yry—00) (nb) oy v — @ ¢) (nb)

o(yy—wm) (nb)

Yy — Vector-meson pair

05¢
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035 (I)
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01F —
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05¢
045f  data .
I N
0.4 E ., £ " '»,mﬁ.
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0.3 5— |> 105555 3 a5 4
0.25F }
0.2F } H
0.15F _ }i{ ¢ (b)
01F :| M 1
= A ! ¢
o.og E R B ﬁﬁ%"‘ﬁ" | *'.'”.."'T“’. Y et
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9
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6 | 102F ‘
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Belle, PRL 108, 232001 (2012)

Discussion of the Cross-section sizes

by V. Chernyak

(arXiv:1212.1304[hep-ph])

Slope parameters for high W:

n=7.2 0.6 (00)
8.4+ 1.1 (pd)
9.1+0.6 (0hw)
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pp final-state cross sections

T 1 L L L B LN L B BLELELE B
complete diquark
or - - - - diquark, only helicity E
A % conserved amplitudes
o P&F' —-—- three-quark
1k . 4
2 lcos6 |1 < 0.6
|'§: \,
~
Tt "~
;m ; '~ ]
E ................ E
2| = Belle ; R
10 | ~ i xd :
@ CLEO Sl +++*, 3
. O VENUS ‘HE_H ]
L AL3 S ]
| ¢ OPAL : ~, _i-
-3 S
10 MR EEEE B | ] ] ] M| P R o
2 22 24 26 28 3 32 34 36 38 4

PLB 621, 41 (2005)
—1n
W, ™ dependence

n=15.14%% @ 2.5-2.9 GeV

n=124224 @ 3.2-4.0 GeV
Might agree with a

QCD prediction n= 10
at some energy above 3.1 GeV

Slope — steeper than meson pairs

S.Uehara, KEK, Jul. 2017
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C-even Charmonium(-like) states

CO0q00) S.Uehara, KEK, Jul. 2017
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PTEP 2013, 123C01 (2013)

70

60

- wm
=} =]

Number of events/10 MeV
LT
(=]

Most beautiful signals

[cos 0*|<0.5

KO KO

XCO

02._3 — 3 = 3.2 : 3.4 ’ : 3.; = 5!5”‘ o= 4
W (GeV)
PRD 86, 052002 (2012)
I n n'mtn
70 ¢ ]

Entries/8 MeV/c?

60

50

40

30 §

20

10

P L
i jaiiiet?

u.._- ‘;i -. "

2.6 2

.7““2.8 29 3 31 3
M(n'n'n) [GeVie?]

e - .

Yield

Interference

—21In L/ndf

N N
ﬁ'xc{} ﬁ'xcz

not included 248.31'1?3 53.0_1‘3:;

included

57.34/73
57.22/71

266 +53 53714

* Interference between ., and continuum

Product of two-photon decay width and B(K%K%)

Interference

I B(xc0) Iy B(xe2)
(eV) (eV)

not included

8.00 4 0.58 + 0.83 0.268F) 035 &+ 0.028

included | 87£1.7£09 0277507 £0.03
Belle 2007 |7.00 £ 0.65 £ 0.71 0.31 +0.05 %+ 0.03
PDG 2012 7.34£05 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

M, MeV/c?
I, MeV/c?
[‘WB. eV/c?
B. %

486140 = 53

29827 *1.8*+22 2980.3 = 1.2

37.873% = 2.8 267+ 3
50.5541 = 5.6 194 =97
0.87 = 0.20 2.7+ 1.1

S.Uehara, KEK, Jul. 2017



Events/10 MeV

Peak of X(3915) in

vy =2 oJ/y and y,(2P)

694 fh! Belle, PRL 104, 092001 (2010)

M: 3915 £3 £2 MeV,
I':17+£10 £ 3 MeYV,
N,es =49 £ 14 + 4 events

Signif. =7.7c

The peak is confirmed by BaBar

BaBar, PRD 86, 072002 (2012)

M: 3919.4+ 2.2 + 1.6 MeV,
I':13+6 %3 MeV,

Is X(3915) =Y(3940) = % ,(2P) ?

X(3915)
was Xc0(3915)

Mass m = 3918.4 + 1.9 MeV
Full width ' =20 £ 5 MeV (S =1.1)

16(JPCYy =0t (0or2t+ )

X(3915) DECAY MODES Fraction (I;/I) p (MeV/c)
wl /Y seen 222
tr1:(15) not seen 785
MNe not seen 665
TNe™ not seen 815
KK not seen 1896
Yy <oon 10k0

Xc2(2P)

Mass m = 3927.2 + 2.6 MeV

The first 2P charmonium state discovered
in two-photon by Belle PpRL 96, 082003 (2006)

Full width T — 24 + 6 Mev 1€ Mass is different,

a little. | .o

Xc2(2P) DECAY MODES Fraction (I';/T)

Yy seen 1964

DD seen 615
D*D seen 600
D°D° seen 615

mtan(15) not seen 793

KK not seen 1901

It is believed as two-photon production of Y(3940) discovered in B decays,

but the spin=0 is not finally confirmed, yet.

S.Uehara, KEK, Jul. 2017
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Any y.o(2P) — DD seen?

It is expected that y,(2P)has a large coupling to DD

Events / 50 MeV/c?

d/20 MeV/c?

Signal yiel

40

[
o

-—h
o
T

o

No signature of X(3915) in B->DDK V¥ ™%2(2P) (M=3927MeV) —DD is discovered

Belle B—>KD°D°

Belle, PRL 100, 092001 (2008) .|

3 ™ -4
-t ——

0rb, 3
M(D°D’) (GeV/c?)

e*e—J/yDD

Belle, arXiv 1704.01872(2017)

But no Scalar component is found.
Belle, PRL 96, 082003 (2006)

Belle

b)

o
T

M(DD): 3.91 - 3.95 GeVi2

=
Events/0.1

Events/10 MeV/c?

a5
T

AL
-~ 'LJ‘ILTLFI:-"—_{(L_I-"L 0 g | | | 1 L 1 1
18 35 B a_ w2 4 0 0102 03 04 05 06 0.7 08 09 1
M(DD) (GeVic2) ‘ cos ()'|

T The 3.8 GeV region is contaminated by DD*
production, according to the p, distribution

<From double-charmonium production study
Yo(2P) is lighter (3800-3900MeV) and much broader?

See S.L. Olsen, PRD 91, 057501 (2015)
CO0q00) S.Uehara, KEK, Jul. 2017 15
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Light-meson spectroscopy

CO0q00) S.Uehara, KEK, Jul. 2017
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=y
[=]
o

& (|cos 6*|<0.6) (nb)

0.1

0.01

0.001

The six processes; in total ~20 peaks

Charged vs Neutral nm

|cos 6*|<0.6

Three neutral-pair processes

100

o (Jcos 0*]<0.8) (nb)

01

0.5 1 1.5 2

Horizontal axis:

W -- yyc.m. energy =

0.001

W<~2.5GeV: Dominated by resonances
W>~2.5 GeV: (Netgative) Power law works + (. charmonia)

“HD,

040 0
T WC » 1T D
\n()nU |cos 6*|<0.8 QBEL%
"Iy mﬂ&\ Charged vs Neutral KK
*v‘ - ='
b (]
1 i"(“# %. 1 [cos 6°[<0.6
nn e, o—
“:r':‘,, 5. t; KK
*{‘:"* % & .
A v
+ 501 3 .‘ *¢*

| & RO

0.01 f ?

05 1 15 2 25 3 35 4 4.5 t
. . W (GeV) 0.001 '
invariant mass of the two-meson system “
e 05 1 1I5 2 2I5 3 3.5 ; 45
W (GeV)
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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.

I{m + Belle | cos" 1 < 0.6
V w = o Wrk I
+ #.m; a CELLO ;H* £,(1270)
,ﬁmm’ L £(980) | A
' } +
7 > U #
E L
E LWt
100 [y, f
rlowet
Lor Tos 1 w1{1[:;eyf1:1) T A

o (vy»n0z0) (nb)

o(jcos 0°}<0.8, 0.9) (nb)

160
140 b |cos 0%] <0.8 '} + Belle
J $ Crystal Ball
120 *
£,(1270)
w |£(980)—>m070L 1
B0 | .
B0 | .
; Vit
' Y
20 | ph ]
et WL
0 S s eahd
20 o
02 D04 DB DB 1 12 14 16 18 2
. W (GeV)
0 (b)
60 a() (980)_)11715 Belle (jcos 0°|<0.8)
o Crysial Ball jjeos o°)<0.9)
50 | —==- Syslemalic efmor
-§a2(1320)
40 b
30
20 |
} a2(1700)"
10} '
nn. --.._._,, z““;.z
w{Gw: —

S.Uehara, KEK, Jul. 201/
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Two-photon decay width of f,(980) and a,(980)

= oo | : . o 0
E J:e (0) lcos® | < 0.6 i * E i O O— Duro"nc'.rizul"gn
L — A = F - - M (IBO)+H,(Y)
160 [ TC-I_TC s F TC TC Bl interference
= +'+n- — 30 e pelynemial bgd
- =
a0 [ i e .fl. 12 o o0 —— porometerizotion O
o ——_———
-T\ 20 - -_e-r-n—# o 3 i - - 40 IO.(EQBO)-’-Q.(Y)I' n Tc
i e ey E “EEE O N — polynomial bgd
& ' 10 R
100 - o
% R +
oy -M"'-Pﬂ-f—"""" L
800.35 0.9 0.85 1 1.05 1.1 1.15 140 :_ J— pc{rﬂmg:r[zu:]un .....................
W {GEV/Czj . ;21 E?G}‘F \ 10 ~ t: ...........
A - 1o - polynomial bgd [/ Y . - -
E Culyy —* LISED) =¥ n'n) b - : il bt EEEPE TP e
30 - (b) I aulyy = L(980) = K'K") P —- interference |,
T | et 2 s
2 E s ! W (GeV)
Nt o~ = i !
5 0 _—_:_;____._..__.._. .................. -_‘;_'_"'“"'“"‘--:'-':-'-‘_—_1- :L_,- B I !
=] E - - Py i d
L . ; A0 r
-320 :_ _‘n’ :
F 0 |
jEI.E-5 0.8 0.95 1 1.05 11 1,15 o Jzu.._._ﬂ.ﬁ-_ o
W (Gev/c?) i ~

\ - wew Predictions for £,(980)

u.u& . ) &
| Meson | _f(o80) | _/fi(s60) M ol

M[MeV/c?] 985.6+:_'§f11_'; 9822 +1 .Oi';f) 98D 306431

uubar,ddbar 1300 - 1800
-0.7-4.7 ssbar 300 - 500

(T'tot)

[ooelMeV] 513799732 66.977.5:  75.6%1.671% (KKbar molecule 200 — 600
954147 2 +3+502 Four-quark 270
l"w[eV] 205:33_117 286+ 172;1 IR thoU 4
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The tensor-meson triplet, £,(1270), a,(1320), f,(1525)

£,(1270) : The largest peak in n*n~ and n’x°. Also seen in nn
0,(1320): Large peak in nm®
f,(1525): Large peak in nn, K*K-, and K°K°

350

Owlyy —> n'n7)(nb)

+ Belle lcos¥'1 < 0.6 5
--syst. errors -, 9
*Fo égrkoll “ 45 | f‘Z (1525)
mf & i gyt /201270) o nn
wp T HE R g #(1270)
. : 3L
“F b *ﬁfﬁ ﬂ* %2.5 L gk f
§. oy ¢ V@
® [y L b ¢ ¢ .3 2 20 s %
ww?ﬁ"- i, 8.1 # ; '
©
------------ M I iﬁﬁﬁo
,,,,,, 05 r ‘--.-,‘_“_..-'.-._ -, $p0 (]
o bt ot ity N 70 — g R rPPRRNY . %%eee.
08 0.9 1 1.1 o 1:2 1.3 14 1.5 a 1320 (b) . . .
W (Gev/c?) " T]TCO 2( )Bde(hmwcom 1 1.5 2 W(Gevz)s 3 35
_ + Crystal Ball (os 6}<0.9)
‘2 50 ===« Syslomatic error
S 40
pa
< L]
i ;
°
10 +{ .
_+-+‘ ’\\-—-_—’..\_.._P___.l _H .....—.+.—..,_.
06 08 1 12 14 16 18 2 22
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f,(1710) formation in K°KO

L]

’é i lcos?' 1< 0.8
=as
< | p
¥ E | KOsK®s
Tu - |l
s ' R
&l
s o
2f Ih . '|| I
15 - ”I ] ll|l|'h
E I [}
Foay || 'q,‘.
i ; “,
s -w 'J .."-..-'-.__
0 l L L
1 125 1.8 11 2 228 25 27 5
W (GeV)

§*(nb)

5 ¢ —re I}
— parameterizotion
) S — RI710F J
iol bgd
5 }
2
1
0
-1
2T 2 13 da i Ns i e e 42
W (GeV)

Assuming a single resonance,
J=0o0r2? J=0is much preferred.

Parameter fo(1710) fit f2(1710) fit
f,(1710) fit-H fit-L.  H,L combined PDG fit-H fit-L
\’z/ndf 6942585 701 6:)85 Two solutions of interference 7963585 831 5:)8:)
Mass(fs) (MeV/c?)|17501 67 g 174975105 175077458 1720+ 6| 175077 172977
Ciot(fr) (MeV) 1383350 1453 ,5F50  139% 1,050 135£6 | 132%)7 150+ 10
Ly B(KK)yp, (eV) | 12054227 217558 1273+2%7  unknown| 2.1753 1.6£0.2
fo(1710) = KO K% is confirmed in two-photon process. 21

ara, KEK, Jul. 2017



The 1.8

— 2.2 GeV region

e £,(1950) 2 '’ shows a broad structure
e Similar structure exists in K*K~  (but, they can be different states)

e No peakin nn?, nn and K% KO in this mass region

|cos 6*|<0.6

100 A

,J\{

o (|cos 0*|<0.6) (nb)
5]

-

n0g0 s, ®s,
01 .. 'ia.
e TTHy
t
it
0.01 ¢
0.001
05 1 15 2 25 3 35 4 45
SPIN-4! "©Y
Parameter f4(2050) “f,(1950)” Unit
Mass 1885114 *28 203841312 MeV/c?
| . 453 +20 3} 441427 +l2gs MeV
LB 17 B Al v
x*(ndf) 3232 (311)

D

I=0 (f) and /=1 (a) interference in KK

T / |cos 0°[<0.6
_ i K*K-
g b‘
g ""t
L ‘ \, e
201 f R
g R
¢ KIKI x2 *
001 } . i*
| Single resonance
(fonly) H
' "1 f-ainterference
(fand a)
0.000
10.5 1 1.5 2 25 3 35 4 45
W (GeV)
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Search for exotic baryons (Pentaquarks)

Events/5 MeV/c?

Events/10 MeV/c?

YY—=>ppKK

1.6 1.7 1,
M(p K) (GeVic

“HD,

8 19
)

PRD 93, 1120137(2016)

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

The shaded histogram: ¥, Pt ~ sideband
288 +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

S.Uehara, KEK, Jul. 2017
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Single-tag measurement and meson TFFs

TFF: transition form factor

CO0q00) S.Uehara, KEK, Jul. 2017




vy — n°n: f, (980) and f, (1270) TFF’s

Physics motivations: PRD 93, 032003 (2016)

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

- Test of QCD of qg meson model

- Light-by-Light — hadronic contribution for g-2 | "

f,(1270)
1 V¥
200 £,(980) Jrﬂr + Electron-tag 4
175 T°

150
125
100

1 | * Positron-tag ,

bt +,"'-*.,++ Z/,-fef %X* 715% .
o )X >

tii&iiitlgt"* +j ’ _1_++++ _|,.+ 1_t+ / ’Y* K y/

~
o

LA LAY RARAE RALAN RARAN LAARE RARAN RRLALS LAY

o
o

Number of events/0.05GeV

25 * T t‘}'* *
0 Bewu M I I | L | e ¢$Hu"‘?*"1 L g
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5 Tc

W(GeV)
The f,/f, ratio is larger than in the no-tag case.

CO0q00) S.Uehara, KEK, Jul. 2017




Formalism of PWA

(02 TFF is defined for each resonance R
N[ r(Q%) . .
|F(Q%) | = 2 0r 122 produced with each helicity A
\ Gr(0)(A+p To obtain the resonance amplitudes:
Perform PWA, parameterizing W
. 0._0 2 dependence of the resonance and

do(v*~y — n-w?) . . .

; — Z tn cOS(ny ), continuum components of each helicity

df amplitud
"0 plitude, e.g.,

to = [My|? + My > + 2e0| Mo |%, M,,=S+D,,
1 = 211 ((ﬂ[*_ — ﬂ[_";jL)ﬂngr) : S = B{(W) + Ap(W)
ty = —2eR(ME_M, ). Do = 4T [Byo(W) + Ap(WINT,] ¥,0

etc.

Determine each component as well

++ etc. - Helicity state of the incident photons as the relative phase by a fit

S, D, etc. -- Partial-wave amplitude in %7 scattering
B, A; -- Background and f-resonance components.
€» € - Aspin-dependent flux factor ratio for the virtual-photons

CO0q00) S.Uehara, KEK, Jul. 2017




Cross-section results and fit

Consistency check between 109Gev | [1:15GeV 11.25GeV
. : ' *
electron-tag(e) and p05|tron-tag(o) i |C°S? | depegdence
oo Q2 =3.5GeV2 sr‘702=4.5GeV2 Q2=55GeV2 ;E for Q = 9 GeV and
. S ] different W bins
% } 2.3; *w++ % jE lines: solid= total,
o }* . AU b T dotted= |S|*. dashed= |Do|?,
g = Semstasd oL . seete) £ and dash-dotted= | D)2
g 2‘:”02=|I"Ge|\";2 ’ 50502 |9Ge‘\;2 ’ . 02 11GeV2 g . .. " - C,) ) I Ql
& uf : Significant contributions
c;g by : if from hel.=0 and 1 in contrast
3 % §t 172 $ . to the no-tag (Q2=0) case
8 b Bronad o ELT ‘fsw o
© :Qz 13.5Gev2 , Q2=175Gev2 " 2= 25 Gev2
"o ‘ﬁ@}jﬁ ) o JH h} N FH *## * Final result of
025 & 0.1 5 .
T v*y cross sections
W (GeV)

and PWA fits

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

o I
ol camaee B . .

0, (1*7 = n'n’) (nb)




Q? dependence of resonant amplitudes

f,(1270), helicity = 2 (12

T T T T

107 _j'/

70), helicity =0

—
LLL

._.
Q

helicity-2 TFF of f (1270)
helicity-0 TFF of  (1270)

f|:: 3
o ]
a0 +E 107 ++'§_+ TTTr— 7
= —{»—i—{.—._}i‘
=
'%‘8 107 = E
<K Yo L AU NSRRI EUERINN I S i B I R AR AR B B
© 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Q (GeV) Q (GeV)

f,(1270), helicity = 1 f,(980)

rg :;:T: L | é T T T T 1T T
T D S1Ee E
-Z.ml:—\ __ =\
2B w 5 I |
= C ir.’“‘»--.,____‘_n ] 10 - —
?.?LQ_:_T_, -_--—-""-7-.,_7_7_7_7 T E + + 3
107 B C $ _{_ ]
'—i—f - “* I =
S T VIR o | L L 1 I R —
- - 22 (e - F S T/ | R S
QG @ (Gev)
Theoretical predictions:

Schuler, Berends, van Gulik, a heavy quark approx. NPB 523, 423 (1998)
""""" Pascalutes, Pauk, Vanderhaeghen, saturated sum rule, PRD 85, 116001 (2012), n’s
ibid., axial-vector mesons
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Summary

Highlights of Two-photon physics results from Belle
- Systematic QCD test with many kinds of meson pair channels @ 3 — 4 GeV

- Discovery/observations of new charmonium(like) states 7 ,(2P), X(3915) etc.

- Precise determination of I'yy and BF for the charmonium ground states
- Comprehensive light-meson spectroscopy
Observation of scalar states

Discrimination of tensor mesons in the couplings to two photons
Confirmation of isospin (0 and 1 )mixing

- Studies related to glueball, tetraquark, and pentaquark exotic systems
- First measurement of scalar and tensor-meson TFFs

CO0q00) S.Uehara, KEK, Jul. 2017
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Backup
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History of integrated luminosity at Belle

. Luminosity at B factories
(fb™)
1600 ——
—KEKB >1ab™’
1400 |—pEp.| | On resonance:
—World / Y(5S): 121 fb!
12007 ——g ] Y (4S): 711 fb "
/ v | Y(3S):3fb!
1000 Y(2S): 24 fb™*
/ /_/-/J Y(1S):6 fb !
800+ / 1 Off reson./scan:
/ r/"-/ ~100fb !
600 Vol
=] ~550fb"’
400+ ! /——/_ g On resonance:
/./ e Y (4S): 433 fb!
200 |- Y(3S): 30 fb!
/ Y(25): 14 fb?
0 Off resonance: D
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010 ~54 fb! @
1999 The Belle experiment started BELLE
2001 CP violation in B mesons was verified and the KEKB accelerator achieved the world’s highest luminosity
2002 Anomalous CP violation in b = s was measured
2003 The B — KIl decay was discovered
2004 The New particle X (3872) was discovered
2005 Direct violation of CP in B = Kz was found. The B — py decay was discovered
2006 B — tv was observed
2007 D meson mixing was discovered. A new particle composed of 4 quarks Z (4430) + was discovered
2008 Dr. Makoto Kobayashi and Dr. Toshihide Maskawa were awarded the Nobel Prize in Physics

2010 The Belle experiment was completed



Angular dependence

0.0
YY 2 TN
o 4
;: WHK&\}! EE w::_asag\-{lj: gg (b)

gu S| o= 4.:‘ 2% ] do/d|cosO* |ocsin0* is predicted by
§ : I‘[‘. 15 { — .

3wl o P [l; qg-meson model and perturbative QCD
;'T "00 02 04 08 08 1 n:ﬂn 02 04 06 08 1 10 -

,i:z: W0 | " W=a75Gev 5 {{*' _ ' .

3 3 I - ¢ mmy @ Fitto sin~*6* +b coss*

R L W s a5 4 a5 @ bbecomes constant above 3.2 GeV.

0 M\;‘E&'al w10 M|¢:t;39n'ﬁ| 08 1 W(GeV)

mode a in sin™® 6* GeV | cos 6*|

KsKs 3-8 2.6 - 3.3 < 0.8

nta Good agreement with 4 3.0 - 4.1 < 0.6

KTK~ Good agreement with 4 3.0 - 4.1 < 0.6

i in—4 *
2020 Better agreement Y\ﬂth sin™" 8"+ bcos ¥ SWIURE - 08
Approaches sin™" 6* above 3.1 GeV
nr° Good agreement with 4 above 2.7 GeV 3.1-4.1 <0.8

Summarized by H.Nakazawa

Poor agreement with 4
9 24-33 <09 Hadron2013

" Close to 6 above 3 GeV

Exclude t vy, region, 3.3 -3.6 GeV KEK, Jul. 2017



Angular dependence: yy — pp

Baryon production mechanism
Couple with a single quark?.. or a diquark?
Angular and W dependences, Cross-section size

25<W, <3.0GeV 3<1W -::4GCV
4 12
sl Bﬁllt‘. 0 OPAUN—? 95 Ge '~1 Belle A ]_3 (3.0-4.5 GeV)
© CLUED ) ~ L3 et ¢' 1} — diguark (complete)
af - uifjﬁﬂu Eﬁ{;ﬁpHE{E,iai diquark (only HCAs)
sl three-quark { 8 —— :TI‘C‘;I;‘JLL:JJ‘I»;
AR handbag L _E?.f andbag J_
2} i

in

-
-l
fn

[do/dicosd 1]/[do(lcos8 1<0.3 dlcosd 1]

[dafdicosd’ 1|/[da(lcosd 1<0.3)/dlcosd 1]
==

(7 0.1 02 03 04 05 06 L L ' '
# % 0.1 0.2 03 L4 05 Y
leosa |

lcosd |

Model predictions are normalized for |cos0*|<0.3.
Agreement 1s not very good in W>3 GeV

CO0q00) S.Uehara, KEK, Jul. 2017
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Three C-even ground charmonium states

Four-charged-meson final states

n°r® final state

r 3000 F
o 12000 - (a) 4n : (b) 2K2r
o - 2500 =,
Py Lon i C —_
>10000F", o g
- 2000 | M, X S
— : Yy 1500 | ‘I|.r‘:, X D
@ 6000F . Xco [ c2 2
4 "
S - 1000 - Mgy . =
Q>J 4000 — 1 Cz | "'mﬁlﬁ : ‘= _E
Ll r ) ) W (]
2000 L 500 - o] 3
: F =
0 | L | 1 | L | O | L | L | | | 1
2. 75 3 325 35 3.75 275 3 325 35 3.75
M(4n) (GeV/c2) M(2K2r) (GeV/c?)
1 00 __ (C) 4K Process Isospin -BF This paper Direct Indirect
~ - | [actor G (V) G (eV) G (V)
o r e atrwta 1.0 407437453 180470420 83424
> 80 H ne—+K' K x'n 10 257432449 210470 102430 [nerference N k b N .
) r ne+K'K K'K 1.0 56+11+16 280470 1145 X0 Xcs
C o 0.333 <39 130443 I
= 60 & ! | ’ ’U ‘ : ;‘}:h 0.320 69+17+12 7136 Without 100 = 16 13%5
e SO W R m o minie o em Wi 09 0SB iodr  wels
..‘:5 H" |!. !Il _|!|“I | ||.|!l|" II!| ﬂ ‘ ' I n, _,g.‘;.? (_12243 ﬁ_g.g 1:2 +13 — 1945
< 40 H || I |||| ||i| V) H ||| Yo 2l owE 1.0 447436449  T5E1348 6913
X0+ K 'K n'tn 1.0 388+374+4.7 - 53+12
S " f L RRHUN
> 20 j | ! (M H||II|I |||H xeo » KKK K- 1.0 79413411 78+16  Interference I, Blxa) (eV) vy Blxo2) (eV)
(| — Hll{llll x0 —+ KK ntorce. 0.667 16.7+6.1+£3.0 - 34+13 - =
r » 0.333 <12 Without 9.7*+1.5% 1.2 0.18+013 + 0,08
r A §$ ’%’K 0.333 <18 51419 1 ou 0 Q58 + + n.li +
O | L | Xeo —+ b 0.243 23409404 _ 27408 With 9. )7_”] + 1.6 048 £0.18 £0.07 = 0.14
2.75 3 3 25 3 5 3 75;“41: 1r ! m 1.0 50140444055 64418108 72412
: 1.0 44240424 0.53 - 5842.1
M(4K) (GBV/CZ) xa ﬁsK' K K' K 10 1104021 £0.15 - 1.0340.18
p nlx 1.0 3.2+19+05 - 39+23
» 0.333 7.8
:i Ve 0.333 24405408 22405
Xe2 —+ 0 0.243 0.5840.18 4 0.16 - 10403
EPJC53,1(2008) i eewe o IS :
»
n(28) = K'K n'x 1.0 <50 - -
n.(25) - K'K K'K 1.0 <29 - -

“HD,
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Events / 0.03 GeV/c? Events / 0.04 GeV/?

Events / 0.02 GeV/c?

180
160
140 [
120 F
100 f
80f
60 F
40f

20

300

250

200 |

150 |

100

50

Decays to Vector-meson pair

T

T

| (a) (D(I)

0
1.5

PRL 108, 232001 (2012)

'y, B(X — VV) (eV) and the numbers of events (in brackets) for 1., x.o and x.,

Mode

wd b

Me
A0
Xez

<0.49 [ <7.9] 7.75 £ 0.66 = 0.62 [386 = 31]
<0.34 [ <4.3] .72 £0.33 2 0.14 [56 £ 11]
<0.04 [ < 2.4] 0.62 = 0.07 = 0.05 [89 = 11]

0 7 L,,.,,,‘i-.__.. e i i Lhm\‘;“‘hq
15

2

R T

2.5 3 3.5 4
M(00) (GeV/c?)

2

2.5 3 3.5 4
M(wo) (GeV/c?)

(i3 )id]

8.67 + 2.86 + 0.96 [85 + 29]
<3.9 [ < 35]
<(.64 | < 28]
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Baryon pair: yy — pp

Events / 20 MeV

100 ¢

g

70
50f

20F

10}

"' I 1 1 I I I I 1 I
285 2.9 295 3 3.05 31 315 3.2 325

PLB 621, 41 (2005)

Fit 1, J/\(yb)-

W, (GeV)

Backgrouiwd
/ from e*e annihil.

T
BF+RBF->I—SchEF

—>RF+HKF N IR
£760 (1905) | PP N> VY
FERMFBAB003) s
P o
=¥+ REF /Y'Y %nc SN pp
Belle (2005) ——
T T
0 5 10
[(ne)BMc—>pP)B(ng >1y) (eV)
2;140
%120 N |cos(tem)| <0.20

E835

o ) I R
2900 2950

N
3000

S.Uehara, KEK, Jul. 2017
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Entries/25 MeV/c®

Evidence of X(4350) in ¢ J/y

Two-photon
“ PRL 104,112004 (2010) |

—

”4350

N=8.8732

3.26 | Eyidence of

X(4350)
{ a%&hl;@

44 46 48 5

M(oJ/) (GeV/c?)

Candidates/(10 MeV)

B decays

PRL118 (2017) 022003

B+ —_ K +
120 J/W¢ LHCDb

100!

my, e [MeV]

X(4140), X(4274) , X(4500) , and X(4700)

S.Uehara, KEK, Jul. 2017 37



Scalarsinthe 1.2 — 1.6 GeV region

* Hadron experiments report a wide f,(1370) and a narrow f,(1500).
* Some of previous two-photon measurements provide a hint of f,(1100-1400)—nm

under the huge peak of f,(1270)

* Belle’s 1t measurement reports f,(1470).

May be visible in the line shape.
— favorable to the narrow f,(1500),
but also consistent with f,(1370).

Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV

IG(JPC) _ 0+[0+ +)

fp(1370) DECAY MODES

——
T

Fraction (I';/T) p (MeV/c)

672

seen

fy(1500) [

!G(JPC) = 0+(0+ +)

Mass m = 1505 = 6 MeV (S = 1.3)
Full width I = 109 = 7 MeV

P
Fraction (;/) Scale factor (MeV/ec)
(34.9£2.3) % 1.2

f,(1500) DECAY MODES

s

741

160

“HD,

a0 |- " ¥ lcos®' 1< 0.8
— total
e ’}'[O’}'[O
’é 100
& 80 [
T
= 60
<
& 40
20 i
e s
[ ' I 1 [P B A 1.
0.8 09 1 1 1.2 1.3 1.4 1.5 1.6
Parameter Belle (7#") Crystal Ball Unit
Mass 14705+ 72, 1250 MeV/c?
(- 901743 268 = 70 MeV
I, B(a'7") 1 1+3+6%03 430 = 80 eV
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1.6 — 1.8 GeV: Mass region of the greatest difficulty

70 ®) 5 . |cos 0*|<0.6
I A A
60} T]TCO * Belle (kos 0°}<0.8) e nn ¢ T J D.2 3"
2 R L (IR SR
€ sot ——— 535 RS iy S 1
2 Y N ' H V \
) “r S 25 t # § " l‘+ i é 1 % .
=3 . x 3 fé # ! + © ~\:--.- Tt
= %} 2 2 s K P 2070 %o, "s,
b * §’ 1.5 - ¥ ] ((?e) ” 01 .l.. "*'+
g 20 ¢ o . L *ﬁ é f; & *”
© iy ] ”*Qf
10} +++{ D 08 |t A [ 0.01
AL N S °'0A..—+—"." R 3 TN Tleee.
06 08 1 e 22 ! 13 2 W(Gev";'s 3 35 R P v ———
= A bk i ' W (GeV)
2
0 H D2
=f " » Extensive studies are performed in the radiative decays of J/y (—
+
=L f Y99 — VR).
“F ) el * 0a,(1700) 2 p’n® >t n® is confirmed by previous two-photon
o [t
t measurements.
[-7 ] 1 1:! 1..0 I:I |ll 2

W (Gav)

obtained.

£,(1810)=> mn is confirmed in two-photon process.
An unidentified structure around ~1.6 GeV is seen in ' . But, its

a,(1700) = nn¥ seen in our data, but no definite parameters

correspondence to a single resonance of the mass is not sure.

“HD,
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f,(1270)-a,(1320) interference in KK

£,(1270)/ a2(1320) £(1525)

KK~ &
Peak(~1300) > %
Peak (f,’(1525))

&

. ‘éz(_12|70)/ 22(1'5’326;)' SR

50

1.0

ST
-

i

U,

»|-|-|-|I||||I-||u

® —— Belle (this experiment)

0 == TPC/Two-Gamma

X —— ARGUS (Jcos 0%<1)

M P

2 22

+!!EI§+ i!g;

alyy=K*K=) [nb][ (a)

|

ARGUS, Z.Phys C48, 183 (1990)

3 B T
A
o 1INV "o,
| 01- 125 1.5 1.78 2 22% 25 2,7% 5
£,(1270)/ a,(1320) W (GeV)

40.0 |, fz’(1525) ARGUS
30.0 F i 1»
20.0 | J(

. | ,
10.0 ; — TJ’ 1 K™K

_i_

: N
0.0 S

1.0 1.5 2.0

M{K*K) [ GeV /c?]

Constructive interference
£,(1270)+a,(1320) in K*K-

Destructive interference
£,(1270)-a,(1320) in K°KO

Explained by a phase relation in isospin composition

Eu £, (1525) I cos®' 1< 0.8
< F! KK
(ad 3 "I Ppeak(~1300) <
§ d || Peak(f,’(1525))
©2s II

b

.; |ﬁl “*m-"i“

'| Il n
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The 2.2 — 2.6 GeV region

e The very narrow f,(2220) (was £(2220)) and f,(2220) GUPC) = oF(2t+ or 4+ )
a wide f,(2300) are suggested. O AL e 200 st of i
. Review, PDG 04.
Do the both exist? Really narrow? pre———
e Our ¥ result does not need f(~2300); the LA 55 OUR AVERaGE - NI T come
high mass f,(1950) can explain the observed £4(2220) WIDTH
. AL R0 L1 — v~ ] DOCUMENT 1D TECN  COMMENT
line shape. 23+ & OUR AVERAGE
e Surely something narrow(?) peaks are found f1(2220) DECAY MODES
. /- 0 0 Mode Fraction (I;/T)
In K K, K SK S and nn. l[: 'rr‘irﬁ_l_ﬁ_ :::
An ss state or a glueball flavor insensible? SR =
FE gg'(958) ::nseen
F7 ‘355'5 not seen
w0l o5 7106 g nm not seen
_ ¥ K*K s
§_ ' §,‘ “/ st £(2300) 1G(JPCy = o+ (2 + 1)
201 _ f\-. "", = 3_: : m Mass m = 2297 + 28 MeV
[ ", H"*H <, by [ Full width [ = 140 =+ 40 MeV__|
* KgKgxz A %25 - #} H ; _
001 Q* -2 2t 4 ’i 4§ #>(2300) DECAY MODES Fraction (I;/T) p (MeV/c)
é 15 + v {* foXer seen 529
H © 1 }p ¢ iiwﬁ K? seen 1037
0.001 } ‘ ‘ os | i.. ... 5% seen 1149
R reem S.Uehara, KEK, Jul. 2017 41
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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)

Parameter

2(2200)

F0(2500)

Mass (MeV/c?)
F tot ( MeV )

I B(KK) (eV) 32105153

22437 ¢+,

Significances
— 3.40 for £,(2200) over f,(2200)
— 4.30 for f,(2500) over £,(2500)

e There can be an only wide state around 2240 MeV.

Q.7

0.6

2539 + 14738 T}
145 &+ 12427 2744774126 '
40T2+1T

S —T—40

g

0.1
s

o Lo

2

Um(')"? —> Kns Kos)(
o

— total

Fit

i

26 27 28 29 3
W (GeV)

Narrow appearances in previous measurements may be due to an

interference effect and/or statistical fluctuation.

far found.

“HD,

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

S.Uehara, KEK, Jul. 2017
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Entries/13 MeV/c?

Yy — Nt

Production of light-quark mesons decaying to the three pseudoscalar meson final
state. (The n_ production is also presented.)

by BES.

Is it gluon-rich, or gg-rich?

1n(1760) + X(1835) + Non-Res + Backgrounds

_Constructive Int. Sol.

120

100}
aof
of
4of

20}

20 .

40 _ ]

1.4 1.|6 1.|8 é 2.‘2 2.‘4 2.‘6
M(nm'n) [GeVic?|

Entries/13 MeV/c’

Destructive Int. Sol._

120

100 |
80 i
60 —
a0}
20|

i 5
20

40 F

1.4 1:6 1:8 2I 2.‘2 2:4 2.6
M(n'n'n7) [GeV/ic?]

Belle, PRD 86, 052002 (2012)
X(1835) is an exotic resonance candidate found in the radiative decay of J/y

A hint of X(1835) — 2.80,

but it is not verv significant.

Parameter

Two interfering resonances
Solution 1 Solution 11

Reference

=1 S. o

.1 S. o

X(1835)
1 M. MeV/é? 1836.5 (fixed) 1836.5 + 3.0°39
1 I Mev/c? 190 (fixed) 190 = 9*38
1 I,,B.ev/ 18217+ 40 35112+ 8
it (l‘.’.yB)l]] CV, <35.6 <83

] 2.8
1 7n(1760)
1 M, MeV/c? 1703712 = 1.8 1756 =9
1 I'. Mev/c? 42436 + 15 96 * 70

I,,B.eV/c?|[3.039 =038 18113 =5

4.1
& (2871%)° (1391 1%)°

“HD,
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n¥ Transition Form Factor (TFF)

PRD 86, 092007 (2012)

% ) () Coupling of neutral pion with two photons
yy T Good test for QCD at high Q2

¢ Single-tag m° production in two-photon process
with a large-Q? and a small-Q? photon

Theoretically calculated from pion distribution amplitude
and decay constant 2

F0) =2 [T, (5,0 1) (v, )

0

BaBar has reported a significant deviation from the expectation.
Measurement:
|F(Q?)]% = |F(Q3%0)]|% = (ds/dQ?)/(2A(Q?)) A(Q?) is calculated by QED
|F(0,0)| 2= 64nl" /{(4ma)’mg’}

Detects e (tag side) and rt°
Q? = 2EE’(1 —cos 0) from energy and polar angle of the tagged electron

S.Uehara, KEK, Jul. 2017
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Comparisons with Previous Measurements and Fits

. i

= BaBar
— fit(A)

+ CLEO

s+ CELLO

* Belle
— fit{A)
— fit(B)

Q?IF(Q?)| (GeV)

10 20

0

o~ $
% %
Q

100
:@, @ Belle
< #CLEO
] x
el

30
Q2 (GeV?)

W BaBar

0.1 i

0.01

Q2 (GeV?) ®
No rapid growth above Q?>9GeV?is
seen in Belle result.

~ 2.30 difference between Belle and

BaBarin 9 — 20 GeV? m

Fit A (suggested by BaBar)
Q*|F(Q?)] = A (Q*/10GeV?)P
BaBar: =
A =0.182 + 0.002 (+ 0.004) GeV
p=0.25+0.02 BaBar, PRD 80, 052002 (2009)
Belle:
A =0.169 = 0.006 GeV

B=0.18 + 0.05
v%/ndf =6.90/13 ~1.5c difference from BaBar

Fit B (with an asymptotic parameter)
Q?|F(Q?)|= BQ?/(Q*+C)
Belle: ==
B=0.209 £ 0.016 GeV
C=2.2%+0.8GeV?
v2/ndf = 7.07/13
B is consistent with the QCD value (0.185GeV)
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o(n20o(xn)

Physics of High W

e W-dependence of hadron-pair production c ccW™

Predictions: n = 6 (charged mesons), n=10 (neutral mesons) n=10 (proton)

KK is different and agrees

||||||||||||||||||||||||

0.01
° ot )o(r'n) at W High Enough (We don't know where is “high enough”.)
07 r ° |cos 6* |<06
o6 3
05 |—3 7. *' EPJC 32, 323 (2003)
oat & 1] s | PLB 615, 39 (2005)
gg Ppptril | " PTEP 2013, 123C01 (2013)
Sl g "y
0.; | | | < KOKQ x2 ,’ tt
22 2.7 3.2 3.7 4.2 001 }
W (GeV) H
W is still not high enough? " ” with prediction

Final-state interaction important *

05 1 15 2 25 3 38
W (GeV)

for mm even in high W?

Baryon-pair production processes are
statistically limited (because of large n)
Proton pair, Hyperon (A, %) pair, A pair

~ : ? PLB 621, 41 (2005)
G(AA)/G(pp) lat hlgh W hep-ex/0609048 (Unpublished)

“HD,

10

o(yy — Baryon Anti-Baryon) (nb)
=

-
=]

10

[

= Belle yy— AA

o Belle yy — 2°%°

o Belle yy — pp

o L3yy— AA

o L3yy— 50

s CLEO vy — AA

- diquark AA - ‘*‘_e :

. 050 o F
- diquark X% =

|c059 | <0.6

22 24 26

1 I 1 1 i
2.8 3 32 34 36 38

W, (GeV)
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Analysis of DD at around 3.80 GeV

Search for y.,(2P)—>D°D° / D*D-
The target is enhancements around 3.80 — 3.85 GeV?

Possible backgrounds: Belle BaBar
A difference between charged pair and neutral ; m m e T
. L o - d AT popo |y 1]
pair seems to indicate the contribution of D*D ) ;_+H : m " +H | | |[ | H
which has a charge (isospin) asymmetry in D* decay AL Hﬁt#ﬁ;m** {= il ]|| }
|
Yo,(2P) —> D*D, then M(DD) ~ 3.80 GeV i WM Mm hoyy| e
Backgrounds systematically to be solved Gomied | | ® 3
al2P) DD DD () ol | el
Lca(2P)>D**D DD ()  TARTT.
Y(2P)—>D**D- —>DOD (1) ’ BRI

A small P,-unbalance for DD is also important A f, f

et o ,')

information as a sign of the extra n/y. wobieaves % 3l |
v PRL 96, 082003 (2006) I N
PRD 81, 092003 (2010) L .
e, o i
CQoq0) S.Uchara, KEK, Jul. 2017 5+ &
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Single-tag TFF’s for nt%, K% KO, etc.

Stat. error estimation for n'-TFF measurement in the high Q? region

Assumptions:
- Integrated luminosity 50 ab? (x 66)

- No large Bhabha-Veto inefficiency (x 2.5 @ high Q?)

* " Belle ﬁ;easure}nent ' /
in 2012

Expected error size for
Q¢ -dependent (stat. and
a part of sys. errors)
component at Belle Il

- Systematic errors from 030

n9-fit and trigger can be reduced 0.5
- Other systematics stay the same —
>

L 020 [

)

Q2 > 60 GeV? 5"
Close to back-to-back topology =
of en®in e*e” c.m. frame o}

Huge background from Bhabha 0.00

0

KOSKOS about 200 events to be observed for Belle.
More than 10,000 events expected for Belle II.

10 20 30 40 50 , 60
Q2 (GeV )

“HD,

S.Uehara, KEK, Jul. 2017 4 9



Double-tag processes

Hadronic Light-by-Light (hLbL) contribution

qi, M

g2, V

S GRE

At the present, the error from the hLBL contribution is

is important for muon g-2 theoretical cal.

o YFYEFOTT

q3, A

k,o

the same order of that of the experiment of muon g-2.
In near future, an improvement is needed.

Hadrons
G.Colangelo et al., J.H.E.P.
1409, 091 (2014)
Test of QCD
M.Diehl et al., EPJ C22, 439 (2001)
Yy x—>7r0
Q,%~ Q,2

Dependence on Distribution Amplitude is small

The ee-based cross section ~ O(0.1fb)
Feasible at Belle Il

M. Diehl, et al., Eur. Phys. J. C 22, 439 (2001)

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

2

—
(6]

—
T

o
»

0

Q 2=<Q*>=4 GeV?

no cuts
Belle

® is asymmetry of Q2 ]

-08 -06 04 -02 0 02 04 06 08

(0]
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o (pb)

10°

10° &

10

10"

The elastic scattering

® YY—>YY Sofar, itis observed only at the peaks of n% nandn'.

e Interference with lepton’s and quark’s box diagrams may be seen
near 1. peak. BF(n,—Yyy) =1.5x10* is known.

e Atan e'*e collider, the Double-Radiation Bhabha process is also
unseparated and interfering background.

¥(m) 1(23) A PDANAANRNAAN TP A PIANANRNANAN T P)
Resonant (s,t,u): :@----i | 15 e
I

— fermuonic contribution:
—— leptons
————— quarks
mesonic contributions

(1) A PIAANANRNANAN TP A BIAANANRNNANAN T P5)
g r’ﬂ\
Non-resonant: - 1-" Double radiation: % -
i I €
T T 1T 7 L - ! \
! y*{—\'{"{ \cose\ 06 ) L LLLH

We will need O(10 ab™) to overcome background fluctuation
in the continuum component.

R psudoscalars
— — tensors

P.Lebiedowicz and A. Szczurek
arXiv 1705.06535[hep-ph]
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