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Two-Photon Process
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Two-Photon Process by real photons — No-tag method

vz Collision by two quasi-real photons M
Lo 0
« Virtuality of the photon: Q2 — 4EbE, Sln2 36
) _
»« Q ~0 for both photons: © M >
+ - . = VA
« € e escape to beam pipe. Must not be detected © bt
%« Zﬁt(Mi) ~ Ofor detected final state particles
1 M,
veW = (M (7)) spectrum
PC 2+ 74  ++
vcFinal stateof J =0 ,2 ,3 ,.... C=+resonance study.
do AN
W x| dL
d[cos0*| AW A|cos 0%| 5z e(W, | cos 0*]) [ Lat
+ - + - dLVV
ogleTe” —wee X)= [ a(yvy = X; W) i dW

0 *. Scattering angle in y r system. ¢ : Efficiency
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Cross section measurements of hadron pair production
IN no-tag two-photon processes
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Cross Sections

g

- For oI ” 11:0110 jcos 1<0.8 " jcos 6°1<0 &
g " 5 m e, g D
“ e, E e, s Q@
00 "o . '-*H 0.1 +H;¥* oo *1!
o ooty PRI
+ gt
oo “'II om ++1Ii' o.om H
05 1 15 7 E.EW (G:V) 35 A 45 “-5- ! 15 Z Z-EW (le) s 4 4% 05 1 15 32 15 . (;EV) 35 4 A5
w Lower energy region
« Partial Wave Analysis for overlapped resonances
w Higher energy region
= Evaluation of QCD calculation
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Light Meson Study using Partial Wave Analysis

do
Ard| cos 0%

(yy = MM') = [SY) + DoYy + GoY{'|* + | DYy + GoY{|?
= YR+ DL + D2YR? + G2V + GRIYE

« YJm spherical harmonics: angular dep.

T201525)
« 5, D, G: W dep. of each wave;
Breit-Wigner + Non-resonant component
0
A(fo) . 87Tmfo \/Fforvv(fO)B(KK) g [
— 5 . 3
%4 mfo —W2—sz0Ff0 ¥
T
~
1S
Resonance Mass (MeV/c?)  Width (MeV) I, (eV) °
f5(1525) 15253112437 g9 gt21+3.1 4g+OTHI0S ;g K
fo(1710) 175016123 139713130 12131227 /B(K K)
v 1.9 2
£2(2200) 22431713, 145+12127 3.210-5T5 3 /B(KK) W (Gev)

fo(2500) 25391473 2maTHE 40TYIT/B(KE)
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2 Y < 2 < A -2 < - J S < - on > - = S T
R e N R A I D R R Py I S D

A

! Mode Resonance Mass (MeV/c?) Width (MeV) Ty (eV), (J,A)= { Ef} 3 3
j' . fo(980) 9856112+l 342130488 go5+i5tIdT
1’ (958) B(r*w~)<2.9x107* (with interference), 3.3x10™* (without) ,
f3(1525)  1518+1+3 82+2+3 28.242.4+5.8/8 , ;
| o 10.342149.8/B {  arxiv:1406.631 1
b K+Kk-  Jo/fofar  1T3TE5ET 15122424 {76*15&17/3 i
f2(2010) 198042414 20741246 61+2+3/B
fi/fa 23274946 275436420 {fz T:;Zfs /8 %
-," f45(1525) 15253713737 820720130 4871 /B(KK)
‘ KOKS  fo(1710) 175013153 139113135 12433¥ /B(KK) ':
} f2(2200) 22431713, 145412127 3.2+05+13 /B(KK)
] fo(2500)  0L14TT 24 THE 4025 /B(KE) !
| fo(980)  982.2+1.07%) 286+17+23!
4 00  f2(1270) fixed fixed i
-t B(fa — ¥y) = (1.57 £0.017}3%5) x 10~° \
() WWMR, wfR utRes
’ f2(1950) 20387} 44173 54773/B
¢ f14(2050)  1884%i3PR° 4s3x20%5,  136133%5Y
.,' , ap(980) 9823190701 756416755 1287370%/B ‘
»&'_ e ao(Y) 1316.8*7 75247 65.0 20 s 43267007 /B
a2(1320)  fixed fixed 145131 /B :y.-'
1 fo(Y) 1200 LY Rroqu-se S b3 Bt ]
‘ 7 f2(1270)  fixed fixed 11.5%55535/B 3
/ f2(X) 1737491 12" 228121 +334 5.20 08t /B

(PP Lo 2 oaa R L e e gon S0 Lo oo > ST S LS da e s A Mg By Lo toon
d < N =

< - - > o < - v A _ > . LS B A o N e
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QCD Calculation of Meson Pair Production

W>3 GeV: Resonance effect is small

PQCD by BL(Brodsky and Lepage, PRD24, 1808)

1 1
Mo r, (W2, 6%) = /O /0 dadydnr (2, Qu)bar (4> Q) T, (2,11, 07)
Y

v For charged pair, o~fv*/Wbsin*6* do (K+K-)/do (m+m-)=2.3
Improved by BC (Benayoun and Chernyak, NPB329, 285 (1990))

v SU(3) symmetry breaking do (K+K-)/do (m+m-)=1.06

w For neutral pair, 0~1/W10 [&4g[=TdaVE S OISR FZN 05725

Handbag Model by DKV (Diehl, Kroll et.al. PLB532, 99 (2002))

do Sra?® 1

N (T2) (2
d| cos 0| Oy = MM) = W2 sin* 6~ R (W7)) y
v¢ Charge counting & flavor symmetry L
o(KsKg)/o(KYK™) = 2/25
o(r'7) /o(nTn™) =0.5 YW "
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Angular Dependence

2.40-2.50GeV

2.50-2.60GeV 2.60-2.70GeV 2.70-2.80GeV 2.80-2.90GeV 2.90-3.00GeV

_ B! 0.9 4 - [ $
T e | S ks
3.00-3.10GeV 3.10-3.20GeV 3.30-3.40GeV

*

do/gllcose I

N
a

(=]

320-3.30GeV

340-3350GeV  B30-3.60GeV

i

(=]

-o 3.60-3.70GeV  P.70-3.30GeV . P30-3.90GeV  PI0-4.00GeV | H00-4.10GeV —
ro | - : : : +K - + o7 -
O 4.4 | | | KtK-and m+m
' sl ; ' ! Curves: QCD
ki Ad T R T
0.3 0 0.3 0 03 0 0.3 0 0.3
Icoso |
mode 1/sin" 0" energy range |cosf"| range
A Match well. 3.0-4.1 < 0.6
K*K~ Match well. 3.0-4.1 < 0.6
K2K? o varies from 4-8 for 1/sin® 6° 2.6 -3.3 < 0.8
.4 n=* . *
0.0 1/sin" @ -i.-lzcos() better. o441t <08
Approaches 1/sin” 8* above 3.1 GeV.
nr’ Good agreement above 2.7 GeV. 3.1-4.1 < 0.8
- Poor agreement. 9433 < 0.9

1/sin® 8 better above 3.0 GeV.
T Xes region, 3.3 - 3.6 GeV is excluded.
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Cross section and their ratio

=/ dcos 7] cose* d| cos 6*|

n for og ~ W™

Process pQCD(BL) pQCD(BC)  Bag(DKV) Belle W (GeV) <|cos6*|
Ttr— 6 6 79+04+1.5 3.0-4.1 0.6
KTK~ 6 6 7.3+£0.3+£1.5 3.0 -4.1 0.6
KsKgt - 10 10.5 0.6 = 0.5 2.4-4.0 0.6
KsKs1 - 10 11.0+04+04 2.6 - 4.0 0.8
V7Y - 10 8.0£0.5£04 3.1-4.1 0.8
oo radio
Process pPQCD(BC)  Bag(DKV) W (GeV) <|cos6*|
KTK~/rtm 2.3 1.06 0.89+0.044+0.15 3.0-4.1 0.6
KsKs/KTK™t 0.005 0.08 ~013to~0.01 24-4.0 0.6
Ol /tm— 0.04-0.07 0.5 0.32+0.034+0.06 3.1-4.1 0.6
- 1.6
(b) B 14b
°-15+ o (KIK/o (K K) s ::5_ (C)
(Icosd 1<0.6) o “°F e
t 2 - +JQH>
0.1 - [ —e—
......... + KV SUGERL. ..o Q gif ++++ i
¥ L
0.05| .{._}_ ‘60'45_
...'..B.L..pmdis:tiunb}-"'}"';" b 0.25_, L L T R B B R
) B BC.prediction. - 9_4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
2.5 3W(Gev) 3.5 4 W[GeV]
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PRD86, 092007 (2012)

7 transition form factor

9 pQCD: Agaev et.al.
/TH(xa Q ’ /L)gbﬂ‘ ($, ,u)dx PRD22, 2157 (1980)

Transition Form Factor : F (Qz) —

V2/fx
3

«Extraction from d o /dQ?
do B N(1—rp) £ Efficiency
r@ — f LdtGB(ﬂ'O - 77)(1 n 5)AQ2 :5 baclfqround frac’gon

radiative correction

Q*|F(Q%)| = Q*\/(do/dQ?)/(2A(Q?)) [EASEREICEE

Brodsky et.al.
PRD4, 1532(1971)

Asymptotically approaches
B=0.209 + 0.016 GeV
for Q2|F(Q2)|=BQ2/(Q2+C)
Consistent with pQCD, 0.185 GeV
Rapid growth in BABAR data (Q2>9GeV?4) not seen,
but statistically not inconsistent each other.

BABAR: PRD80, 052002 (2009) [Epagisa

CLEQ: PRD57, 33 (1998) + CELLO
0.05 CLELLO: ZPC49, 401 (1991) — fit(A)
— fit(B)
0 ' . .
0 10 20 30 40
Q2 (GeV?)
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Hadronic Cross Section measurements in ISR processes at Belle
ete— Y IsrX range(GeV) fb-1 reference  year
- thre, 3.0 673 PRD8O0, 031101 2009

_ 3.8, 5.5 548 PRL9O9, 182004 2007
LA 3.8, 5.5 967 PRL110, 252002 2013
thre, .5 o/3 PRL99, 142002 2007

LA w(zs) 40, 55 980 Preliminary

nJ/yY 3.8, 5.3 980 PRD87, 051101 2013

_ thre, 6.0 o/3 PRD77, 011105 2008
KKJ/ o thre, 6.0 980 PRD89, 072015 2014
KsKsJ/y thre, 6.0 980 PRD89, 072015 2014
D+D®™)- thre, 5.0 548 PRL9S, 092001 2007
DDbar thre, 5.0 6/3 PRD77, 011103 2008
DOD-mr+ 4.0,5.0 673 PRL100, 062001 2008
DOD*-mr + thre, 5.2 695 PRD80, 091101 2009
Ds®+Dg(*)- thre, 5.0 067 PRD83, 011101 2011
NctA\c thre, 5.4 695 PRL101, 172001 2008
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Cross sections for open charm processes

a) : '|+ E E E b) hep—ex] 105.4975

Belle 1| ¢: . BaBar
lﬁm&hwﬂﬁa 0 + w#’ﬁh **ﬁ** Lo |

D _|_ D X — # Belle) .55 ﬂ;&f BaB(:l)r

- # ',
: | rﬁ"""h”ﬂug

_ .#4+ @
DD M s
0 Lo Mﬂ
O L *Bel : g) >
DY) 7-‘- w(4040) +
 thaat AN
0 % — OlBeneg : h) 0.5% ' - —
D D™ e \ 1.H+h+ﬂ++++++“‘-'**+ + HWMA A

4

AN
S 5 4
S s )
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Hidden Charm and Charmless modes

w0 WAGAED) ™ Bere(6731h1)
70F Belle(967fb-1) | o ' ° | PRD80, 0311071 (2009)
8 60; \H PRL110, 252002 (2013)= 75| |1 . KUACIeLe) .
= i
| ﬂ* 2 gl * :
+ 1 ]
b e 2\l B -
L T LI H[ i M 5
-------------------------------- +—--++--+-*+- h HW +++ ++H+ i 0| { J|~ \ )lH hﬁ#ﬁ{ﬁﬁtﬂﬂﬁhﬂhﬁm@%
38 4 42 44 46 48 5 52 54 4 4.5 5
E.. (GeV) Vs GeV
3120'_|" L L B DL L L L RN I i o
?S’mo:—(b BaBar(454fb-1) | 081 Be"e(gsoilb (]2)013)
R PRD86,051102 (2012) = [ /M ' -
S 800 1 < 06 : ~
s 1Rl
L | +1;> 0.4 i
© 40 + 1 = I
20% J ) + s 1% 02 e
¢ ] N s T AT e
¢ ® 1 I srraeal
bt nacctusbocc ) SO .1
33 42 34 26 48 5 52 54 1.5 2 2.5 3
Fen(GE) Ec v (GeV)
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Updated e'e” — w7 7 ¢ (2S)

Previous I\/Ieasurements

N, T ‘ I )
> | BABAR (298fb 1) ]
510-_ Y(4360)| PRL98, 212001(2007) -
g T o g
A o l ]
5_— : ‘-‘ " _:

4 ' 73 - 5 ~ 55

PDG2014

Y (4360) 4361+ 13  74+18
Z(4430)7 4458 +£15 16673,
X (4630) 4634+, 92™

Y (4660) 1664412 48115

9 9+184 ¢
13-3tmn 0/2++

mQ2(t)J/p) (GeV/c?)

Entries/25 MeV/c?

—
o

ete” —ete (dJ/V)
17—  efe —~7(7r T~ ¥(2S))
17~ BY — K~ (7" J/vY)
BY — v (‘28)7"[\'
1 ete” — ~v(ATAD)
17— ete — y(xTn ¥(29))

—_
@)

Y (4660)|

| " Belle (673fb")
i PRL99, 142002(2007)

)

BABAR [88] (np), Belle [89] (8.0)
Belle [90,91,92]( 6.4),

45 5 55

M(z tp(2S)) (GeV/c?)

2009  NC!
) 2007 OK
BaBar [93]( 2.4) 2007  OK
LHCb [94]( 13.9)

Belle [95] (8.2) 2007 NC!
Belle [89] (5.8) 2007 NC!

Belle [87] (3.2)
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Updated e'e” = Y (2S)

z,b(28)—>7t T J/w

g | E )
12 | (a)

N : 220; I
£ | i Hﬂ L
£ ll! | s
v | oy M | | TEmaEE
’ 0 | ‘ ‘ H’u“ ' HLHMH H+H++++ 1++IH+++.1++++,|++|3+i+ﬂ|H+ i . 205— o
4 45 5 5.5 % s} H} )
Vs (GeV) W ‘H k

Ry WH@W%

3.5 3.6 3.8
M[u ul(G V/ %)
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M(t "t (2S)) fit

Simultaneous UML fitto w+m7-J/Y and u+u- modes

30 ! | . I T T T
[ 030fb- v Two solutions with x2/ndf=27.6/21
o v¢No obvious signal above Y (4660)
> [ ;o |
% 20 g 1 wSome events accumulate at Y(4260)
S I i 1 P
Al i
~—
N i
'-'qz_') 10 __ | —_ NQ 40—_I L I I I I I I I
TR S AR | I [ g 35;(C) BABAR(520fb1)
: :_ ! B _- _,,_}:u’_ . IHI!'II_IH'III'IIHIIQ % 302_ PRD89, 111103(2014)
4 4.5 5 55 § *F
M[r my(2S)] (GeV/c) 208
Solution I Solution 11 15;_
M MeV/Z 4346 £ 6 £ 2 LoE-
Y (4360) r MeV 111+10+7 -
B-T.. eV 10.6 £0.6£0.7 9.24+0.8+0.7 55 et
M Me\/'/c2 4644 + 12 £ 8 E+ | | | | | | | | + | —
I 9 1242 4 4 he as 5 52 54 56 58
B-T.. eV 6.8+1.6+07 1.8+0.3+0.1 m(\|!(25)7£+7t') (GeV/cz)
0, deg 2718 11 £ 8 19 +24 4+ 20
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M(7z" 7w (29)) fit with Y (4260)

W
o
W
o

yeCoherent sum of 3 BWs
I ve¢4 solutions with x2/ndf=24.8/19
| wSignificance of Y(4260) is 2.1 0.

o [uediaaiinamad  wNot significant but effect is large
M T w(2S)] (GeV/c?)

N
o

>
IElntlriesl/IZOI Me\ll/ézl |

Entries/20 MeV/c?

Y (4260) M 4259(fix) MeV/c?
I 134(fix)  MeV

Y(4360) M 4363+8 MeV/c?
I' 80+16  MeV

Y (4660) M 4657+9 MeV/c?

4 4.5 5 5.5 4 4.5 5 55
Mz w(2S)] (GeV/cd) M7 w(2S)] (GeV/cd) ' 68=x=11 MeV

Entries/20 MeV/c?

Solution I ~ Solution II  Solution III  Solution IV
B -T..(Y(4260)) eV 14+06 16+0.7 10.7+1.4  93+1.3
B-T..(Y(4360)) eV 39410 46+13 21.5+£37 182429
B-T..(Y(4660)) eV 2.04+04 7.7+0.9 8.4+ 1.1 2.14+0.4
b1 deg  309+26 300+ 28 131+ 5 140 £ 5
bs deg 25+22 243+ 14 329 + 9 111 =+ 26
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Summary

0 O 0
«  (Cross sectlons N two photon processes, r }’—>T[ T, K K,mm,nm,

n n, and e e — e e 1 have been measured

« Measured cross sections (W dependence and angular dependence) are
compared with QCD calculations

0
« g transition form factor measured in single-tag two-photon events is

consistent with pQCD prediction

< Update of ee > mwY(29)is ongoing. Inclusion of Y(4260) in the fit is
tested

« Hadronic cross sections for e+e- — ysg X are measured In various
processes

=« Conventional and exotic states are observed
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Backup
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Hadronic Cross Section in ISR processes

ete- = Y IsrRX:
Mass spectrum of 1-- final state X at a fixed beam energy experiment

B 3 dN/dm dN/dm mass spectrum
O‘(€+6 — DD) — dL/d £ total efficiency
€tot m dL/dm Diffential ISR Luminosity

Tagged: Better background reduction
Untagged: Better statistics. Missing Mass Cut

dL p— ((2 — 2 4 2?) In 2E5% _ 42 ¢og 6’0) 2mline  tagged

1—cos 89 E2

dm 2 (2 — 2 4 2?)(In 55 — 1) 2m Ling untagged

TXr
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_|_

M( 7T n_) distribution In w(ZS)n+

/A

Entries/2 MeV/c?

Y(4360) reglon

s 4 o 10| il (b) _
10 % k ! L (o) | g’ | l :
[ M LI FATl j
51 T 4 * E ! . . a
IOV 7, R )| I |
o ! | | 4 1] ; .I‘Hh‘ﬂ_ﬂ | | |
025 05 075 1 125 025 05 075 1 1.25
M(zt* ) M(r"n)
fo(500)7

Entries/2 MeV/c?

Y(4660) reglon

10 % W (c)
. | - | | | ||
fo(980)
SABAR ok
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Cross section and their ratio

Process W (GeV) |cos8”|

atn 79+04+1.5 3.0-41 <06 6 6

K+1r 7.34+0.3+1.5 3.0 - 4.1 < 0.6 6 6

K3KY" 10.5+06+05 24-40" <06 - 10

KoK 11.0+04+04 26-40" <08 - 10

om0 8.0+05+04 31-417 <08 - 10

nm° 105+1.2+05  3.1-4.1 < 0.8 . 10

nm 7.8+06+04 2.4 - 3.3 < 0.8 - 10

Process oo ratio W (GeV) |cosO|

KtK~ /ntn™ 0.8 +0.04+0.15 30-41 <0.6 2.3 1.06

KoK%/K+K=" ~013to~0.01 24-40 < 0.6 0.005  2/25
mo0n0 /ntm— 0.324+0.03+£0.06 3.1-4.1 <0.67 0.04-0.07 0.5

nm° /7r0 0 048 +0.05+0.04 3.1-40 <08" 0.24R;(0.46R;)*

m/7 0.37+0.02+0.03 24-33 <08 0.36R7(0.62R%)*

T Xeg region, 3.3 — 3.6 GeV is excluded.
I 7 meson as a pure SU(3) octet (mixture of octet and singlet with 6, = —18°), Ry = f,? / f,2,o-

# PLB65I, 15
## PTEP2013, 123CO01
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Meson Pair Production in pQCD

1 1
Mo, (W2, 0%) = / / dedyén (2, Qu)drr: (v, Qo) Tanns (7,9, 6%)  |EEDEZIRIERE
0 0

= em DI (el Baenl® el g oo}
F Meson form factor. ~1/W Y
0, Meson distribution amplitude (DA)
T Hard Scattering amplitude for
g(6% Only unknown, non-perturbative factc '

For charged pair, o~fm*/Wbsin*6* do (K+K-)/do (m+m-)=2.3
For neutral pair, g(6*) dominant

ﬁ 7T
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Light Meson Study using Partial Wave Analysis

do
4md| cos 0% |

= S5 PP + DRIYS P + DAY + GOIYY P + GRIYE P

(vy = MM') = |SY + DYy + GoY,|? + |D2Yy + Go Y|

x S, D, G have W dependence;

Breit-Wigner + Non-resonant component

8mmysy, /T golyy (fo) BIKK)

A(fo) =

W m?co — W2 — imeFfo

« Y™, spherical harmonics

oYy = K%K%)(nb)

f'2(1525)

Mode Resonance Mass (MeV/®) Width (MeV) T, (V). (J.A)—{:i'ﬁ;
e fo(9s0)  OsSEHIELL 342132088 05tdidT
7' (958) B(r*n~)<2.9x10"* (with interference), 3.3x10~* (without)
f5(1525) 1518143 824243 28.242.4+58/8
KYK fr/fofaa 1737T£5+7 15122424 {_‘1_2'27‘52:1%‘3';/8
f2(2010) 198042414 20741246 61+2+3/B
Bl wmse mawen (TSR
f4(1525)  1525.3* 13437 820420430 481" /B(KK)
KeK®  fo(1710) 175073155 1391 15% %0 12337 /B(KK)
f2(2200) 22437713, 145£12727 3.27057 13 /B(KK)
fo(2500)  2539.4£14*7 2744774120 4027 IB(KK)
fo(980)  982.241.0%50 28641713}
7050 f2(1270)  fixed fixed
B(fa — vy) = (1.57 £0.0173%) x 107
foY) 147075472, go*a+50 115349%/8
f2(1950) 20387} 441*37 547% /B
f4(2050)  1884% 131218 4532015, 136133%5)°
, ao(980) 9823405431 75.6+1.6%100 12803°0%/B
T w)  mesTE 60N anaetiYB
a2(1320)  fixed fixed 145*31/B
fo(Y) 12621300,  484tiThe 1211306 /B
7 f2(1270)  fixed fixed 11543353+ /B
f2(X) 17372911 22833+ oo 5.2t 03 /B
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Single-tag cross section
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