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Introduction
-Two-photon collisions by KEKB

Main topic
- Meson pair production in no-tag processes
; test QCD
Low W region; spectroscopy in w®, @@, wow,
mirt, KK, nmt ...
- 10 in single-tag processes

Prospects _ _
-no-tag, single-tag, double-tag, elastic scattering




Two-photon collisions in e*e experiment

ete” s> ete " h:

dL
o(ete” > ete h) = ja(yy - h)d—v)‘//ydW

Photon virtuality :

Q? = 4E,E,sin?(0/2) (Q? > m,2)

- No-tag yy—> h
* study light mesons (W < 3 GeV)
JPC=0*+,0—+, 2++,2=*, 3**, .. (even)t*, (odd #1)**
* test pQCD (W = 3 GeV)
» charmonium(-like) state (W = 3 GeV)

Single-tag y*y - h
* transition form factor (TFF) for h
- for y*y — hh
generalized distribution amplitude (GDA)

< Generalized parton distribution (GPD)
Kawamura and Kumano PRD 89 054007 (2014)

-Double-tag y*y* = h
- Tti; provide information for theoretical
calculation of muon g - 2.




Measurement of two-photon collisions with
KEKB accelerator and Belle detector

Belle Detector

SC solenoid n=1.015~1.030

IST g .):\ N Vi g ‘
R e ey
TOF counter — 7 et = g
8 GeV e_’j e Ceﬁt(al Drift Chamber

e "f\"f\é”rf}xall cell +He/C,Hg

Si vix. det./
3/4 lyr. DSSD

p /'K, detection
"\ '14/15 Iyr. RPC+Fe

Aerogel Cherenkov cnt,

-Beam energies e*(3.5 GeV) and e (8 GeV)
continuous distribution of W; 0.8 —4.5GeV

-High integrated luminosity (reached 1 ab’’)
statistics 2-3 orders of magnitude improved

-Distinctive Triggers
egl. yy-n'm
two charged tracks through CDC and TOF (o0.a. >135°)

eqg. 2. v¥y-nnd

final state; 1-track of e* (e-) and 4 ys
HIE (E,.; >1.15GeV & Bhabha-veto)
Clst4 (E>0.11GeV, Bhabha-veto not applied)

-Sophisticated Event Selection
Hadron ID by TOF, ACC, K/u separation by KLM etc.




Two-photon process results at Belle

VAL 3.2-3.8 33 PLB 540,33 2002
K'K- 1.4-2.4 67 EPJC 32, 323 2004
KK fm+m - 2.4-4.1 88 PLB 615,39 2005
pp 2.03-4.0 89 PLB 621,341 2005

DD 3.7-4.3 395 PRL 96, 082003 2006
e 0.8-1.5 86 PRD 75, 051101 2007
e 0.8-1.5 86 JSPJ 76, 074102 2007
K%K’ 2.4-4.0 398 PLB 651, 15 2007
ATT/AKI2K2TT  [2.4-4.1 395 EPJC 53, 1 2008
om0 0.6-4.0 95 PRD 78, 052004 2008
o 0.6-4.0 223 PRD 79, 052009 2009
N 0.84-4.0 223 PRD 80, 032001 2009
QJIy 4.2-5.0 825 PRL 104, 112004 2010
wl/y 3.9-4.2 694 PRL 104, 092001 2010

nn 1.1-3.8 393 PRD 82, 114031 2010
WW/QP/we  [1.5-4.0 870 PRL 108, 232001 2012
° 0.6-4.0 759  |4.0-40  |PRD 86, 092007 2012
n'mr+ - 1.4-34 673 PRD 86, 052002 2012
K%K’ 1.05-4.0 972 PTEP 2013, 123C01 2013
mom° 0.5-2.1 759  [3.0-30  |PRD 93, 032003 2016
ppK'K - 3.2-5.6 980 PLB 615,39 2016

More than 15 processes
-Discovery of y»(2P), X(4350), X(3915), enhancements in VV
-Confirmation of f,(980), a,(980), f,(1710)

—_

—  No-tag
&= Single-tag
No-tag




SIX meson pair processes in no-tag

Three neutral-pair processes

Charged and Neutral Tt o0 e i
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-High energy region (3 GeV s W)
test of pQCD

charmonium(-like) states

-Low energy region (W < 3 GeV) (f,(980), a,(980), /,(1270), a,(1320), f,'(1525) ...)

Light meson spectroscopy



High energy regions for QCD test

Different predictions for W dependence of cross sections and cross sections ratios

- pQCD approach: Brodsky and Lepage PRD 24 1808 (1981)

242 o \4 .2
do _ 167'[6(2 |FM(W )l {(31 e2) +23192(31 e;) g(H*)+2(€182)29(9*)}

d|cosO*| w2 sin% 9* sin? 6*
e.g. for charged meson pair, do/d|cos8*| e 1/sin* 6

o(yy=K*K™)
o(yy-ntn)

- Improved pQCD approach: Benayoun and Chernyak, NPB 329,285(1990)

f ~
e.g. = (f—::)‘*: 2.3

e.g. for neutral meson pair, ¢ o« W10

o(yy=K*K™)
o(yy—-ntn)

- Handbag model : Diehl, Kroll et.al. PLB532,99(2002)

do _ 8ma? 1
d|cosf*| W2 sin*@

= 1.06

e.g.

R (W?) |2

o(y=K*KD) _ o alromn®) _ ¢

o(yy-ntnT)

e.g.

)

o(yy-ntn=)




Slope parameters and cross section ratios

1 0
1% (a) nm- *P‘i (b) l;(’;;(-
F —e— Bell —* Belle 09
et  aLEPH C + @_ -e ALEPH ol o(n’n®)/ o(n*m)
& | % e I +
S r S | _07f
= 0 = E e
=3 (<) * .6 -
3 £ ol . ! Handbag model |
: 10! — : F = .. p s
Z 8 R < oaf § ‘
5 +’% s L Ea [} P N
L ' )
02
0.1f
2 | | R | 2 | | R |
107755 3 35 4 10°755 3 35 4 0 ¥ = = -
WIGeV] W[GeV] ' ' W (Gev) ' '
Process n: slope parameter WG eY) | cos £ ( -\ / Handba =
FQCD by BL "\(pQcD by 8C)( MRS \Glope parameter n (0~ W-")
e 7.0+ 0.4+ 15 30-41 = 0.6 & & g
by DKV
K*E - 7.5+ 0.3+ 15 30-41 = 0.6 & & n measured 7 ~ 11
K2k 2 105+ 0.6+ 0.5  24-40 < 0.6 6 10
m® G0+ 05+ 04  21-41 <« 08 & 10 Not far from 6 or 10 (pQCD)
n” 105+ 1.2+ 0.5  31-41 < 0.8 & 10
nn 7.8+ 0.6+ 0.4 24-33 < 0.8 & 10
po 12,4752 32-40 < 0.6 10 . .
Process g Fatio W [ GeY) | cos 8| PRDZ4 1805 MPB329 285 PLES32,99 CrOSS section ratios
K+E-/mtm- 089+ 0.04+ 015 30-41 < 0.6 2.3 1.06
+ -
KOKS/K *K - ~013to~ 001 24-40 < 0.6 0.005 0.08 o(m°mnY)/ o(m*m) ~ constant
Yt 0.32+ 003+ 006 31-41 < 0.6 0.04-0.07 n.s . i
e 0.43+ 0.05+ 0.04 31-40 = 0.8 | 0.24R;(0.46R;) dlsagree with pQCD by BC
nn /e 0.37+ 0.02% 003 24-33 < 08 |036RZ[0.62R2
\_ f ‘fJ \_ WAW )

— f2 2
Ry = fy'/fro Summarized by Nakazawa-san




PWA for Light meson spectroscopy

- For W < 3.0 GeV, we assume that ) = 4
J; total spin =0, 2, 4,
L; orbital angular momentum =0 (S), 2(D), 4(G)
A helicity =0, 2

- Differential Cross section can be written:

do 5 >

— = [SYy + DoY2) + GoY)|” + |D.YE + G Y7

dQ | 0 0 2 0 4‘| | 2 2 2 4‘| |Y;'|2=%[3L‘US:()-—I):
: : 17 P2 (eos* 0 -1

- S, D, D,, G, G,: Partial-Wave amplitude r

1Y P=—2(35c0s* 0 —30cos? 0" +3]
Y2567

- Y} : spherical harmonics

5 5

(7cos? 6 =1f (cos* 6" —1)

aa 45
Y7 "=
1287

- Fundamental limitation
e.g. Use a W dependence model for amplitude, BW, and continuum

e.g. Convolute interference term in amplitudes

R AR AR ARG

|2




Vector meson pair production
S e YY D00, 09, 0w

-Broad enhancement other than charmonia
M(wep) ~2.2 GeV/c? JP: 0" and 2*
M(pp) ~2.35 GeV/c? JP; 0t and 2
M(ww) ~1.91 GeV/c? JP- 0" and 2*

B aE ifa of TN / Zhang and Chen PRD 86, 116006 (2012)
A | B predicted masses for molecular states 0*
Tt | M(w@)~2.07+0.21 GeV
v oSt . ®) M(@p)~2.181+0.29 GeV
b it M(ww) ~1.9740.17 GeV
P ey / Ebert et al. EPJC 60,273(2009)
X tetraquark ssss M(p@) ~2.2 GeV JP 0*
gg ; Slope parameter (6~ 1/W")
[ n=7.2£0.6 (W)
T ) n=8411.1 (py)
ot o n=9.110.6 (ww)

Miww) GeV/c Y not far from pQCD by BC




Confirmation of f;,(980) and a,(980)
inyy -, mon’, nmnd

0180 | (g) lcos?' 1 < 0.6 £ 1% 0

-t e 140 [ 7[07[0 N | cosw1 < 0.8
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,,,,,,,,, W77 = 1o(980) = K'K7) 60

100 = o
e 2 100

s b, o \ £

© 4 =
0.85 0.9 0.95 1.05 1.1 115 & "
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Sw(yy —> 77°)(nb)

Ow (nb)

oo g0 BB eecicions forfy080)

+1.241.1 1.0+8.1 0.6+3.1 Mol ALy
Mass (MeV/c2)  985.6712%12 982.2710%56 Mass (MeV/c?) 982.3%05%37 uubar,ddbar 1300 — 1800
300 — 500
T_(MeV) Silel e | EE e T (MeV)  75.651:2%10 200 — 600
I, (ev) 2057193+147 2867171251 Bl (eV) 1287359 270

Not ordinary qqgbar picture favored but not conclusive.



Tensor mesons f,(1270), a,(1320), £,'(1525)
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Interference bewteen f,(1270) and a,(1320) in KK

S IR B I B L B
3 L i E [ J— E}eilg(lhis experiment)
=} o == TPC/Two-Gamma
~ i X —— ARGUS (|cos B*/<1) —
© 100 |- " - £
9 F & + 1 =
Lol W }{ KK 1%
@ L %
3
= i Hl%l"%i T
L : E
+ 3
* : :
10 — [T =]
353, I! 1
U #
os bl vv v be v o b by Ly
1.4 1.6 i8 2 2.2 2.4
W (GeV)
S - BS

Dy = Bpye'®spo
D, = Af, (1270) +Aa2(1320)el + Af2/(1525)el¢f2p + Bp,e'®soz

Parameter Solution H SolutionL  H,Lcombined Incoherentfit PDG
X 2/ndf 375.09/387 | 375.22/387 - 406.6/388 -
@ay1320) (deg.) (17805778 172.6%39757| 1726759722 1736713 -
Mass  (MeV/c?) 1526.17 70750 1524.37507° 15253712737 15307 £0.4 1525 +5
Tt (MeV) 83.4119120  g1.8t23as 82972733 82.7 £1.4 7378
I'yy B(KK) (€V) 113*25+43 48 +4*% 48+57 108 79.1+14 727

In K*K-
Peak ~1.3GeV > f,(1525)

In KO.KO
Peak ~1.3GeV < f,’(1525)

PWA fit the phase ¢,
consistent with 180°

(First analysis to include
non-resonant amplitude.)

consistent with
fo =3 luii+dd >

a, = E luti-dd >
2



Confirmation of f,(1710) in K°.KO°,

f,(1710) suggested

Integrated cross section . .
1 <_wave Partial wave analysis

@) 2asf | Prominent 27
f,’(1525) % \mu % ] &}
S 5 :E*MWM% Mot “+ obscure
an 1320)/, ] S
3 11270) +1 ~1.7GeV | | v f
© Vot J=0or2? :
2| f WA D
4o ' LY N
0 E@D\fm:F“uwn ceaad - s
1 15 2 25 3 W (GeV)
Parameter fit-H ﬁt—fLO(l71(I)-)|ftcombined PDG :t(—:m) i fit-L ° J = O iS faVO red over J = 2 (790)
x2/ndf ((694.2/585 701.6/585 - — 7963/585 831.5/585] o parameters extra cted for f0(1 710).
Mass(f;) (MeV/c?) 17507320 1749%2t3  1750%5%2% 1720 +6 175075  1729*8 . .
Tt f5) (MeV) 138712536 q45FilH3L 39+l 135+6 13212 150 £10 « still candidate for g lueball.
TyyB(KK) g, (eV)  1283%227  21+6+38 1273227 unknown 2.1%3% 1.6 £0.2 Briinner a nd Re b h an

PRL. 115, 131601 (2015)



2.2-2.6 GeV in KO.K° and K*K-

f,(2220) with narrow width suggested

u.s

B R B ) e — total

0.6
100 |

o
o

5
oulyy = Kos Os) (nb)
o

o
=)

0.1 s R T

Ty KK~ (lcos6*/<0.6) (nb)

ST T = e T

-
0 PITETATE A A | IRl 'l T W =

w (GEV) 2 2.1 2.2 ”2.3I 24 2.5 2.6 2.7 28 WZ.(SGEV)S
I 0 0
PWA in K% K% Extracted parameters
Assumption No. of sol. x 2 ndf
foto 5 2033,2939 274 Parameter f2(2200) f0(2500)
fo—fa 4 320.9,321.9,324.5,327.6 214 Mass (MeV£?) 2243+7+3 2539 £147%
[IO‘I‘* 1 ;g;-;‘ ij ﬁ",m (MeV) 145 +12+2 274777+128
210 3 TU.DT L3 +9+17
=T, T LSV AL Ty B(KK) (V) 32093793 4057700
fofs 1 323.6,306.7 214
f4—fo 1 411.6 214 -
fa=fp 2 468.6, 472.1 214 i
f4—fa 4 459.6, 464.1, 466.4, 467.5 214 in K SK S
Only-f 1 390.0 218 -
ol ! 3500 2 3.40 for f,(2200) over f,(2200)
Only-f, 1 518.7 218 .
No resonances 1 659.32 222 ! nOt narrow

- 4.30 for f,(2500) over f,(2500)
; may be the heaviest light-quark

scalar observed experimentally



Single-tag m°n® production Yy - m0 0
Physics Motivations:
- TFF measurement of £,(980) and f,(1270)
- test QCD-based theoretical predictions
- provide information for the hadronic light-by-light contribution

f,(980) l f,(1270)

[
+.

Partial-Wave amplitude : S, D, D;, and D,,
contribute (W < 1.5GeV)

- a N
N ©

Number of events/0.05GeV
o 00O U O U o U o

Differential cross section for y*y - n°x? is given H++++t+++++ by "
by I.F. Ginzburg et al, EPJC 18, 731 (2001). H I * . %ﬁ:ti;t?ttig:n;ﬁ
2 W(GeV)
do z . .
70 n COSNQ y*
n=0 0
0 012 212 112 n
t0= |SYO + D0Y2 | + |D2Y2 | +280|D1Y2 | I G
2 0 0\n*|y1 Y i
t; = 2&; R(D,|YZ| — SY3 — DoY) D;|Y4 | e .
t, = —2&y R(D;|Y2| (SYS + DoYy)) ; ¥
P1:P2 i

g9, €1 Vvariables depending on

d1-92




Parameterization of amplitudes  |[yy—->m'm

Partial-wave amplitudes S D, D, and D,

S - Af0(980)3i¢f0 + BSei¢BS

fraction ratio
D; =W1;(Q%)

where r; (Q?) is fraction of f,(1270) contribution in D; wave

’87Tﬁ1-[ ng)/yngmt
Afo(980) FfO(Q ) / AL 16+/37 Dm
8m (2] + 1My, Ftot(W)Fw(W)B(” )
A =|Fr,(0®)| |1 +
f2(1270) —("f2 M]gz w Mfz — iMpaToe (W)

TFF of £,(980) ; Fro(Q?)
TFF of helicity-i £,(1270) ; /1:(Q?)Fr2(Q%)

f(1270)€ 720 + Bpe'®Epi (i = 0,1,2)

F(0)=1

Float parameters ; 1;(Q?), Fro(Q%), Fr2(Q?), Bs, Bpi, $r0: Pr2pi---
Parameters of f;,(980) and f,(1270) such as masses, fractions width ..,are given.




Cross section and fit Yy - o

do/d|cos 8| in five W bins o in nine Q¢ bins

4

0.9 GeV 1.15 GeV 1.25 GeV

106k
|S|%; green

_
T

5 %.
L o05¢ —

£ 2

= | < =

M B 2r
5 0 0.5 1 05 10 05 1T o

= |cos 0%| |cos %| |cos 6%| /‘i
£ 2 1 !

& 135GeV | 1.45 GeV >

N S 8
~ st % 0.
L o

o

©

/o8
+ + g Total; black

04 | IDo|2; blue
0.5 |- |D,|?; red 1
02| :
| | >
0 0.5 1 s |
- |cos 6%|

W~£,(980) dominted by |S|*
W~f,(1270) has |D,|?,|D,|%, |D,|?
Q? dependence of f,(1270): helicity 2 - 0 dominance with Q2
Brown, et al. 10.1007/JHEPO6 (2016) 039 Achasov, et al.JETP Lett. 102 (2015) 571



Transition form factors of f2(1270) and 1,(980)

Iy f2(1270) (hel.-2)

£,(1270) (hel.-1) vy — 1070

city-2 TFF of f1(]2?(])
city-1 TEF of £ (1270)

heli
heli

=

30 _(]HHEHIIIUIHIISHIIZOIH‘25;H;3_0 References
[1] Schuler, et al. NPB 523, 423 (1998).

Based on application of heavy
quark approximation to light quarks

Q (GeV

L £,(1270) (hel.-0) -

i The value at Q?=0 is obtained 1
} In no-tag m’m’

M —

:\‘.‘.\‘.‘.\....\....\....\.‘.._
0 5 10 15 20 25 30

Based on sum rules

helicity-0 TFF of f\(lZTU)

* shows large contribution for the £,(1270) hel.-0 component, and

small but non-zero contribution for the f,(1270) hel.-1 component.
* hel.-2 TFF of £,(1270) agrees with the prediction of Ref.[1]|and one of Ref. [2].

* hel.-0 and 1 TFF of £,(1270), 1.5 — 2 smaller than the prediction of.
* TFF of £,(980) : agree well with the prediction of Ref.[1] [for Q% < 10 GeV?
less steeper Q¢ dependence for Q¢ > 10 GeV?




Future prospects
no-tag and single-tag at Belle and Belle |l

No-tag
-light mesons; p°p°, p*p-

- Stat. imation for 1© TFF hara-
-Charmonia; X.(2P), X(3915), X(4350) at. error estimation for it by Uehara-san

0.30
0.25 |
Single-tag 00 | ' f ———
- y*y—->m® Q%up to 60 GeV?expected RS / """"
. 015 I # Belle measuremes nt !
AssumptlonS- ) ) 0.10 | Egpmctecl;rror size for!
- Integrated luminosity of 50ab-1 (x66) apar o v avre)
- No large Bhabha-Veto inefficiency -
N t t. f O f.t d t . Q0 10 20 30 40 OE[?ZOEVE ; &0
systematic errors from 1 fit and trigger
can be reduced Kawamura and Kumano PRD 89, 054007 (2014)
. dcey—uhi 4
-Other systematics stay the same agiaw® @GV 0 10 Gev?
10 -
A=oo, n=2
- Y*y = K%K i
. A=10GeV, n=2
About 200 events at Belle are under analysis 0.1{ 2 ordinary g
More than 10k events expected for Belle Il oot N\ e Lis e =2
0.001; tetraquark qq@ ................ A=10 GeV, n=4
= y* Y — pOpO_) 4-1'[0 A=0SGeV, =4 T
5M events expected in no-tag, while ~ a few D A

thousand events expected single-tag (at Belle) W (GeV')

- Xi3872‘?



Future prospects;
double-tag and light-by-light at Belle Il

Double-tag y* y* - X
hadronic Light-by-Light contribution

for muon g-2 theoretical calculation.
SM—  QED EW Had
a, 0 P Do 20l

Partial waves for y* y* - m* 7", m0 m®
could be input
Colangelo,et al. PLB 738, 6 (2014).
Yo Y
elastic scattering |-
Elastic scattering yy - vy Yy
- resonances observed only at w0, 0, 1’ = o conuns
- non-resonance region measured in Pb-Pb " i contivions
Nature Physics 13 (2017) 852 puloscais ]
- cross section predicted by
Lebiedowicz and Szczurek PLB 772 (2017)
- can be used to search for exotic particle
- may be seen near n.

o (pb)

—— tensors

T2 3 4 Lebiedowicz and Szczurek

double-radiation Bhabha process R(GeV)  PLB 772 (2017)
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