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Resonance production and quantum numbers

Resonance formation from two photon collisions

Q = O , C = +’
for real-photon collisions
JP=0% 07, 2%, 27, 3%, 4%, 4, 5+ ... (even)?, (odd #1)*

This talk:

e & Pseudoscalar-meson pair production: J°=(even)* only
\ Vector-meson pair production

N’ production

Resonance
Hadrons

Strict constraints for quantum numbers —Determination of J° by PWA
Quasi-real photon case, “Zero-tag”: y* can be interpreted as a real y
["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
Production of isospin /=0 (fj mesons) and /=1 (0, mesons)
Searches/Discoveries of new resonances
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KEKB Accelerator and Belle Detector

 Asymmetric e e* collider
8 GeV e~ (HER) x 3.5 GeV e* (LER)
Vs= around 10.58 GeV < Y(4S)
Beam crossing angle: 22mrad

« World-highest Luminosity
L

nax=2-1x103%4 cm-2st

I Ldt ~ 1040 fbl (Completed in Jun.2010)

SC solenoid

= e S S
g
= Aerogel Cherenkov cnt. b o
o e S, n=1.015~1.030 Etoctron y1"°°"" T
C%{') = ¢ High momentum/energy resolutions
TOF counter - . il CDC+Solenoid, Csl
8 Geve l

Vertex measurement — Si strips
entral Drift Chamber  Particle identification
“y.small cell +He/C,Hg

\ ok TOF, Aerogel, CDC-dE/dX,
Si vtx. det. / n/ K; detection
3(4) lyr. DSSD

RPC for K,/muon
14/15 lyr. RPC+Fe S.Uehara, PHOTONZ2015, June 2015




“vv — Pseudoscalar-meson pair” from Belle

10 papers for 6 processes

D
LI

T PLB 615, 39 (2005) 87.7 24 -41 \ N
TUTT PRD 75, 051101(R) (2007) 85.9 08-15 N
K+K- EPJC 32, 323 (2003) 67 14-2.4 \
PLB 615, 39 (2005) 87.7 24_41 N N
719770 PRD 78, 052004 (2008) 05 0.6—4.0 N
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S't S PTEP 2013, 123C01 (2013) 972 1.05 - 4.0 \ \
N 70 PRD 80, 032001 (2009) 223 0.84-4.0 \ N,
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Differential cross section do/d|cos 6*| for these processes are measured.
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The six processes; in total ~20 peaks

Charged vs Neutral tnt

lc0s 6°[<0.6 Three neutral-pair processes D

ntn—
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. d 100 $% 10,0 |cos 6*|<0.8
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‘ ny

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

1 N = Tfnnn\m. Charged vs Neutral KK
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- PWA Formalism oot LA 2 f f
0.5 1 1.5 2 2.5 3 35 4 45
- £,(980) and a,(980) W Gev) o | !
- Tensor mesons f,(1270), a,(1320), £, (1525) H
= Scalars in 1.2 - 1.6 GeV 0-00010.5 1 15 2 25 3 15 4 45
- 1.6-1.8GeVregion Horizontal axis: W (GeV)
- 1.8-2.2 GeV region W -- yy c.m. energy = invariant mass of the two-meson system
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Formalism of PWA for P-meson pair final-state processes

We consider up to J=4 (for W < 3 GeV).
do

=2 —[sY, 2+ DY, +GyY,°[ +|D,Y, 2 +G,Y,7[
dQ_ o TUoly TpT, | Tt 6,1,
S, Dy, Gy, D, , G, Partial-wave amplitudes for each wave J,
J=L=0,2,4 (even only) with the helicity A =0 or 2 (to the yy axis)
— Y/ : spherical harmonics

— |Y/*| are NOT mutually independent, as we have no information for the
azimuthal-angle direction.

We cannot determine the partial waves model independently;
We need parameterization based on a model including the W dependence of
resonances and continuum components.

2
Ancillary model-independent way: Hat amplitudes; YJm mutually independent
do- A ) - 2 A 2 ~ 2 A 2
—=S*IY,°| + DY +G,2lY,°| +D,2Y.%| +G,°lY,°
do 0 0 ['2 0 ['4 2 |12 2 |14
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Confirmations 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.
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Two-photon decay width of f,(980) and a,(980)
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| Meson | f,(980) f.(980) Model ry y [eV]

= 12411 481 AT uubar,ddbar 1300 - 1800
M[MeV/c?] 985.65% s 982.2+1.0%, 9(%%{)3,_0‘,_4_7 s
[oodlMeV] 513799702 66.977.58  75.6%1.6710% 200 — 600

270
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£,(1270)-a,(1320) interference in KK

f,(1270)/ 2,(1320) ¢ (1525)

1R AR I
=) : t E @ —— Belle (this experiment) -
KK~ & }_ﬁl e
Peak(~1300) > % «| i % 5
Peak (f,’(1525)) < ;{._.% -
o L}
Tt 1.0 — - ii =
. lllllii!
50.0 2(1270)/ a2(1320) | | |
alyy—KK=) [nb]é (a) ARGUS, ZPhys cas, 183 (1990) }
40.0 ' f (1525) ARGUS
30.0 f .
20.0 | ﬂ“ :
+ -
0o} T K*K
[ S
0.0 - !
1.0 1.5 2.0
M{K*K~) [ GeV /2]

N el

Constructive interference

£,(1270)+a,(1320) in K*K-

Destructive interference

£,(1270)-a,(1320) in K°KO

Explained by a phase relation in isospin composition

- B

OudYy =2 K% K Mnb

i'

|
IE
|

f,’ (1525) Icos?' | < 0.8
0 KO
K SK S
Peak(~1300) <
Peak(f,’(1525))

\
b

f,(1270)/ a,(1320) W (GeV)
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Scalarsin the 1.2 — 1.6 GeV region

under the huge peak of f,(1270)

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 Fraction (I;/T)

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

P (MeVfc)

——
[T T)

seen

672

f5(1500) Il

IG(JPC) = 0+(0+ +)

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

P
fy(1500) DECAY MODES Fraction ([;/I) Scale factor (MeV/c)

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)—>nr

——
(O]

(34.9+2.3) % 1.2 741

N,

160
va0 |- " % lcos?' 1 < 0.8
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T
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=
el 4D
20 t
o T S . e
[ [ | L. A 1
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Parameter Belle (7##")  Crystal Ball Unit
Mass 14705+ 72, 1250 MeV /c?
[ 90+7+39 268 * 70 MeV
I, B(n'7") 11131903 430 = 80 eV =

10




g & 8 8 3

o(jcos 0°|<0.8, 0.9) (nb)
8

1.6 — 1.8 GeV: Mass region of the greatest difficulty

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

* £,(1810)=> mn 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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f,(1710) formation in K°KO

«- & . &

Yy = K% K%)(nb)

lcost' | < Q.8

! KO.KO,

2,78 5
W (Gev)

S*(nb)

— parameterization
o RUTIOF
iol bgd

1.7 12

1.6

W 1('E;«avf

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
X~ /ndf 694.2/585 701.6/585 | Two sotutions of interference |[796.3/585 831.5/585
Mass(f7) (MeV/c?) 175012758 174972155 175075138 1720+ 6| 175075 172975
ot (fr) (MeV) 138+12400 145+ 10+2L 13913490 135+£6 | 132F]7 150+ 10
[ B(KK)yp, (V) | 12434227 21+5+38 12734227 unknown| 2.1703% 1.6 £0.2

fo(1710) = KO K% is confirmed in two-photon process.

- °?HOTONZ2015, June 2015
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The 1.8 — 2.2 GeV region

e £,(1950) 2 ' shows a broad structure
e Similar structure exists in KK~ (but, they can be different states)
* No peak in n%, nn and K% KO in this mass region

lco0s 0°]<0.6 I=0 (f) and /=1 (a) interference in KIZ

\ Size of the cross sections for

’/ '\ K*K- and K°K°

(=]
(=]

o (|cos 6%]<0.6) (nb)
)

; _ A single resonance production |
i\.lu. T . . |cos 6*|<0.6
00 v u, of f or a decaying with the
nUxV * " . .
041 -.," ‘"'1'1- strong interaction 3
++I*$ — The cross sections are ©
¢ . . . >
oo similar size. |
2 0.1 H“
If they are very different = 0 L ti
0.001 = KSKg X2 *,
T 7 Tweey 07 Interference between /=0 andeer | Single resonance’
_ I=1 resonances (f only) f
Parameter f4(2050) “f,(1950)” Unit - Y }
oL .
Mass 1885+ +218 2038+13+12  MeV/c? ff-a interference
L 453 + 20 3L 441+27 _??3 MeV (fand a)
Ly B(a7) 775E 185 54T ey 0.0001 _— .

2 - 0.5 1 15 2 25 3 3.5 4 45
Y(ndf) 3232 (311) MgD S.Uehara, F W (GeV) 3




o (|cos 0"]<0.6) (nly)

The 2.2 — 2.6 GeV region

The very narrow f,(2220) (was £(2220)) and
a wide f,(2300) are suggested.

Do the both exist? Really narrow?

Our 'n? result does not need f(~2300); the
high mass f,(1950) can explain the observed
line shape.

Surely something narrow(?) peaks are found

£,(2220)
OMITTED FROM SUMMARY TABLE

Review, PDG 04.

[G(JPC) =0t@t++ o 4++)

Needs confirmation. See our mini-review in the 2004 edition of this

£1(2220) MASS

VALUE (MeV/ EVTS DOCUMENT ID TECN  COMMENT
2231.1+ 3.5 OUR AVERAGE
£1(2220) WIDTH
DOCUMENT ID TECN  COMMENT

€ % EYTS
| 23+ 8 OUR AVERAGE

;(2220) DECAY MODES

Mode Fraction (I;/I7)
o KHK- KO KO !
N K K ) K SK S and nn. Fl T”r_-ﬁ-,_— seen
2 m m seen
‘. ; ; s KK
An ss state or a glueball flavor insensible? Ea =
rs Y not seen
Fe  n7'(958) seen
7 ¢9 not seen
p——ry Ig nn not seen
5
W, “ro m £(2300) 16(JPC) =0t 2t )
s == £ 4
e $. . = 35 r Mass m = 2297 + 28 MeV
AL T E & [ Full width I = 149 + 40 MeV_|
KOKD X2 *, 13, # 8
SR N = 2: L % e £5(2300) DECAY MODES Fraction (I;/T) p (MeV/c)
i é 15 - f’! k : "I'* c:‘)cl seen 529
i E% ‘ 1r ' *ﬂ;‘ﬁ KK seen 1037
%; * 05 | _‘ s ’.. ., vy seen 1149
L P,
: P e S.Uehara, PHOTON2015, June 2015 14




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.

CO0Q0) S.Uehara, PHOTON2015, June 2015 15




“vv — Vector-meson pair” from Belle

Observation of New Resonant Structures in yy »o¢, ¢¢, and oo

Events / 0.04 GeV/?

Events / 0.03 GeV/c?

Events / 0.02 GeV/c?

160 = .
s ®0 } () 2 ouel ; Belle, PRL 108, 232001 (2012)
120 Z 03 |
oy e |l . .
o | H\ =~ D2 \H i There is a resonance-like
E © E | AT : .
oF it it 008 E F}*ﬂh,,. o (a) structures at 2.0 - 2.5 GeV in
20 |- IR TR E Lo Do T e e .
o i L e 2 25 s 354 egch of the final states.
15 2 25 3 35 4 M(w 0) (GeV/c?)
Mo ) (GeV/c?) 05 —
300 045fp + data : o . .
ot OO | _oaE T T Preferred J° combinations are
F (b) 2 035F 0% .
200 | % 0sf oo P S ﬁ || determined by the angular
150 f H" o el 0*and 2" | analysis of production and
100 - P | T 045F ¢ (b)
F L 01 o decay of ® and ¢.
F t T, by i 0.05 Bt Yt *..
i R PP L, T X P P PR L Wi )
% 2 25 3 35 4 1.5 2 3 35
M(00) (GeV/c?) M(00) (GeV/c?)
9
. data 10—
8 e 1:5 § g,
o) 7 —_— g 10':- WW‘ ’
c 6 E
= b ‘
S i }H‘H o 10355553 33
T +
SRETN 0*and 2*
e , h{*
NI/ (c)
15 2 25 3 35 4 oE M 1 S R
1. 3 3.5

M(ww) (GeV/c?)

M(o) (GeV/c)
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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.

120

100}
auf
602
405

20}

20|

-a0f

1.4

1.L6 1:8 é 2.‘2 2.‘4 2.:6
M(n'n'n") [GeVic?]

Entries/13 MeV/c?

Is it gluon-rich, or qQ-rich?

1n(1760) + X(1835) + Non-Res + Backgrounds
_Constructive Int. Sol.

Destructive Int. Sol._

120

100 |
sof
sof
405—
20}

|
20 F

-40 F
1.4 1.6 1.8 2 2.2 2.4 2.6
M(n'z'n") [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) — 2.8c,

but it is not verv significant.

1 S. o

Parameter Two interfering resonances Reference
Solution 1 Solution 11
: X(1835)
1 M. Mev/e 1836.5 (fixed) 1836.5 + 3.0*3¢
1 I'. Mev/c? 190 (fixed) 190 = 9*3%
| r,,B.ev/e 182477440  35t12+3
L (l‘),yB)l)() eV, <35.6 <83
2.8
. n(1760)
1 M, MeV/c? 1703712 = 1.8 1756 +9
1 I Mev/e? 42438 + 15 96 + 70
Iy, B.eV/c? 3.0 + 0.8 18113 5
S, o 4.1
¢ (28718)° (13915%)°

N,
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Summary

e yy—> pseudoscalar-meson pair have been measured in six
different final states.

e The yy-invariant-mass region, 0.6 — 2.6 GeV, is studied for light-
meson spectroscopy.

e We measure ['yy(xBF) for various J°“=(even)** meson states.
e We have confirmed:
- vy coupling of the scalar mesons £,(980), a,(980), f,(1710)
- f—ainterference in the KK final states
- Many clear resonant structures found in 1.6 — 2.6 GeV regions.

e Resonant signalsin the 1.6 — 2.6GeV region are also found in the
VV and n’'nr final states.
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History of integrated luminosity at Belle

— Luminosity at B factories
(fb)
1600 ——————— —_— =y
—KEKB ' >1ab!
1400 |—pEp.| On resonance:
—World Y(5S): 121 fb*

Y(4S): 711 fb*
Y(3S):3fb™
Y(2S): 24 fb™*
Y(1S): 6 fb*

//
800 / Off reson./scan:
/ r/"/ ~100fb!
600 Vet

1000

- ~550 fb™*
4001} t {1 On resonance:
Y(4S): 433 fb™

200 / —" Y(38): 30 fb*

Y(2S): 14 fb™
0 Off resonance: 'y > )
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010 ~ 54 fb™! @
e e 1999 The Belle experiment started BELLE
KEK B-Factory 2 - S n 2001 CP violation in B mesons was verified and the KEKB accelerator achieved the world’s highest luminosity
o T - i 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 = Kr 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



Formalism of PWA for P-meson pair final-state processes

e We consider up to J=4 (for W < 3 GeV).
do

=2 —[sY, 2+ DY, +GyY,°[ +|D,Y, 2 +G,Y,7[
dQ_ o TUoly TpT, | Tt 6,1,
e S,D, G, D,, G, Partial-wave amplitudes for each wave J,
J=L=0,2,4 (even only) with the helicity A =0 or 2 (to the yy axis)
— Y/ : spherical harmonics

— |Y/*| are NOT mutually independent, as we have no information for the
azimuthal-angle direction.

e We cannot determine the partial waves model independently;
We need parameterization based on a model including the W dependence of
resonances and continuum components.
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Nature of /=0 and /=1 interference in KK

Consider both isospin /=0 and /=1, e.g., f,and q,
Their Constructive and Destructive interference based on OZI (Okubo-Zweig-

lizuka) rule and isospin /, inversion.

> < K+ . 1
=—(f
Qs < ‘uu> /—2( J+aJ)

d

> ?KO —
- <o ‘dd>=%(fj—aj)

Size of the cross sections for K*K- and K°ﬁ

A single resonance production of f or a decaying with

the strong interaction

_)

The cross sections are similar size.

If they are very different —>

Interference between /=0 and /=1 resonances, or
effective (electromagnetic) continuum production

The difference above >~2.4GeV is explained by
electric-charge difference of the quarks.

D. Faiman, H.J. Lipkin and H.R. Rubinstein, PL 59B,269 (1975)

or |cos 6°|<0.6
5
5 1
o)
-
v
@01 | e
o '
g i
=]
0.01 } i+
l Single resonance f
i | (fonly) |
f f-a interference
(f and a)
0.0001 L . : . .
0.5 1 15 2 25 3 a5 4 45
W (GeV)
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Owlyy —> _m'n7)(nb)

The tensor-meson triplet, £,(1270), a,(1320), f,(1525)

£,(1270) ;

Large peak in nn, K*K", and K%K°

a,(1320): Large peak in nm’
£,(1525):
= + Belle . lcos®' 1 < 0.6
-y H'H+ f,(1270
b U R

# '
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00 h $ ¢ *
v "o,

,,,,, §

%08 o9 1 W‘{lGeV/t'z’ ) 1.3 r

g
2
o
Ny
>
8
s
70 —
a,(1320 ®)
60 | T]TCO 2( O)Baleclooso‘po.a)
o s Crystal Ball (jcos 6°]<0,9)
o) ==+ Syslemalic efror
E ®p
: 4{ :
S wf
@
o .
il )
(-~ L]
£ af }
°
1o} +
0 -+-+ ,\“'-.-.— -. ..___ ...........
0.6 14 16 1.8 2 2.2
W (GeV)

(B 85 '8 S

The largest peak in tn~ and #%7%. Also seen in nn

5 b
| 1,(1525)
‘ nm
£(1270)
3 ¢ ﬁ
25 | ii ] :
2t 3 i’i ﬁi
1.5 f ¢
] ii
[ e
05 | T s b
e T8 e e a
1 15 2 25 3 35
W (GeV)
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The /=1 sector

* We find a,(1320)=> nn® just under a,(1320).
e The mass is not compatible with a,(1450)?

n’
50 n —— porameterization
—— porameterizolion i
40 - -~ 10s(980)+0g(Y)? wofF - lo,(1320)F
~ F T N\ polynomialbgd | | ... pOIYﬂOmiO| bgd
D -
A L ---. interference
& 30}
o |
= 20
=Y |

10}

Do’(nb)

0.9 1 1.1 1.2‘ | 1.3 1.4
W (GeV) W (GeV)
Parameter This work  ao(1450) (PDG)  Unit See Discussion in PDG-RPP2014,
Mass 131683174247  1474x19 MeV/c? NOTE ON SCALAR MIESONS
I, 65. 0+,_ 9% 1‘ 265 = 13 Me\/lc BELOW 2GeV (pp 784 — 791)

um
IyyB(nn®) 432 6+ unknown eV S Uehara PHOTON2015, June 2015




J=2 and J=4 components in ©or!

20

Angular ( |cos 6*|) dependence of the differential cross section — J( —— poromelrizotion

da/dl cos? | (yy = n°n°) (nb)

1.90 GeV

N w000 N
T |

2.06 GeV

------ |52 L
- T +4

- = = 41|D,Y,0|?

Parameter £4(2050) “f5(1950)”

Mass 2038+13+12  MeV/c?
+ 9 +31 ot

Lot o 453 £20 75, 441@5’5 jﬁz

I, B(m’ ") 5412343710

x*(ndf) 323.2 (311)

N,

----- I{1950)¢

B,(nb)

Curves:

1.7 1.9 2.1 2.3 2.5
4n|G,Y,2|
—— T 15| 4
_|_ —— paramelrizalion
T al + + ----- 1,(2050)
£ 2
& HWoo
N+ 2
c(_‘? 0 --“—"r-—|—
| | IR BT | |
1.7 1.9 2.1 2.3 2.5
W (GeV)

The mass-magnitude relation to the spin
between f, and f, is opposite between
our measurement and PDG.

(That is possible between the J=2(2P)
and J=4(1F) states.)
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Ow(yy = n°n°)(nb)

Fit to Y (W =1.7 — 2.5 GeV)

i el T T T -::T:"‘-T-rﬂ_-l-a.'.fr'l'
1.9 2.1 2.3
W (GeV)

N,

Parameter f4(2050) “f»(1950)” Unit
Mass 1885i{§ +_22158 2038“3“% MeV/c?
| 453 ;_"l %0 s 441421 +28 MeV
r,,B(x=°) 7710 1285 54+23 t3792 eV
x*(ndf) 3232 (311)
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Number of events/0.1 cm

Ks Ks vertex distances

2D vertex distance 3D vertex distance
= 2250 3 3 -
2 180 G 600 [ (b) Signal MC
12222 3 M (a) Exp. 972 160 [ (b) Exp. 972 ~ ?Szg (a) Bxp. o72 500 2
g W<25GeV | 140 F W>25GeV| T 50 :
12000 120 | [= — 400 [
10000 |- 100 F % W=1.1-1.2 GeV :
so00 oo E o 1000 E 300 F
6000 |- 6 b o 70k 200 |
4000 — 40 [ 8 o0 _ 100 :
2000 ;_JLFM 0 | M £ 2OF M W=1.1-1.2 GeV
E AR R B E L zZ o Bl Lo Lot ] ST B R I R
03 0 2 s 2.7 0 2 a4 c 1t 2 3 4 5 o 1 2 3 4 5
dv; (cm) dv; (cm) dy (cm) dy (cm)
7000 F- © =P F  (d)Signal MC : . :
5000 | w0 [ W>2.5GeV Tr. mometum diff. and vertex position diff.
5000 3000 must be in parallel
4000 E 2500
3000 2000 - 108F 10°g
2000 Signal MC :Zgg 2 E (@) Exp. o7 (b) Signal MC
1000 [ W<25GeV| s00 [ S0 10°
0__2' J 0 — ; — 4 O—ZI — 0 — 2| — 4 %103; 104
dv, (cm) dv, (cm) o f
o [
) 51025 105
Sharp peaks near Ocm seen only in Exp.are from € F F
Direct 4% (n*n—ntn~) production backgrounds. Z. E 102
PR T N TS T R T o
— S.UeharajPd@)rON2015, June 2015 &y (cm)



Systematic errors

Source

_ From correlation study
Uncertainty(%)

Tracking efficiency (for 4 tracks)

Beam background effect

Pion identification (for 4 tracks)
Non-exclusive and four-pion backgrounds
(Geometrical coverage and fit uncertainty
K2 K= background subtraction

K 2-pair reconstruction

Trigger efficiency

Ercr, cut

Integrated luminosity and luminosity function
L4 efficiency

of different Exp# settings

2 ) :
In data and signal MC

1

2
210 < A Half of the subtraction

4 + 2% from pt-fit (quad.sum)

[

<« ———Loose-cut sample

[y |

=] 2 b2

[y |

; = Correlation of the two triggers
54
1 - 10 «—About 10% of the inefficiency

Total

9 — 25, typically 10
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Fitting the region W > 2 GeV

e Parameterization
i—wave =BW.e" +B

Bi — bi (ﬂj e'ﬂ
WO

(assume power behavior
for non-resonant background:
1=S, D,, D, and G,; (we assume G,=0))

B.W.=f,(2200) and/or f(2500) with J=0, 2 and 4
e Then fit do/dQ (typically 16 free parameters)
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Fit results for 13 assumptions

Assumption |No. of sol. Y? ndf
fo-fo 2 293.3, 293.9 214
fo-f2 4 320.9, 321.9, 324.5, 327.6 214
fo-fa 1 291.4 214
f2-fo 1 228.3 214
fo-fo 1 260.4 214
fo-fa 1 323.6, 306.7 214
fa-1o 1 411.6 214
fa-fo 2 468.6, 472.1 214
fa-fa 4 459.6, 464.1, 466.4, 467.5 214

Only- fo 1 390.0 218
Only- f2 1 323.6 218
Only- f4 1 518.7 218
No resonances 1 659.32 222
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Number of events/10 MeV

ao

70

&0

50

40

30

Charmonia y, and .,

Yield

Interference | N, Ny.. t12InL/ndf

not included {248.37170 53.0731 |57.34/73
included | 266+53 53%13 |57.22/71

Interference between y, and
continuum

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

(Interference [ B(xeo) Iy B(xe2)
(eV) (eV)

:_ Xco lcos 6*|<0.5
o XCZ
XCJ(ZP)
region
ool . Th D
3.6 3.8 4
W (GeV)

not included |8.09 + 0.58 4+ 0.83 0.2687)-031 + 0.028
included | 87+174+0.9  0.27°00 +0.03
Belle 2007 [7.00 +0.65 +0.71 0.31 + 0.05 £ 0.03
PDG 2012 7.3+0.5 0.297 4 0.026

N,
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W-dependences at high energies

Assume or expect (W) ~W™"

15 (a)g*ar’c! 1 ;ﬁ (b)ng:j B a0 (a)
— -« Belle —~ T -« Belle 1 i o
§ f j?:t% = ALEPH § i FJF; - ALEPH|| fiic E7HT,OTCO
E _ E | 2 “Nq Py
2 10.1:_ 2 10 — ii nTcO {‘\a?& §
= 3 = . .
o T ) & |
° T > KK~
O T T T s T as T T 28 22 26 4
W[GeV] W[GeV] W (GeV)
] e | (@)
Fitted and reproduced T [ KKS "’ @
. % 10 | Tr— KK o
Slope parameter n different £ | e A o
- A © “n
among the reactions ="’ g 0o JUT
. 5 0
107} n=10.5+0.6+0.5 - 8 o nm } °%4 5, 0
Charmonium contributions ; - ”w . l ‘ ;
not included/removed T N T “ “ = e "
W(GeV) W (GeV)

Q000 32
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¥ Transition Form Factor

Coupling of neutral pion with two photons

0
VV*_) T Good test for QCD at high Q2

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

Theoretically calculated from pion distribution amplitude

and decay constant J2f
> FQY) =~

[T (6. Q%, )8, (x, )
Measurement:
|F(Q?)|? = |F(Q3,0)|? = (do/dQ? )/(2A(Q?)) A(Q?) is calculated by QED
|F(0,0)| *= 64nI, /{(4ma)*mg}

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

S.Uehara, PHOTON2015, June 2015
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Comparisons with Previous Measurements and Fits

0.35

0.25 | _+_ j

Q2|F(Q?)| (GeV)

0.05 ¢ Belle

0 10 20 30 40
Q2 (GeV/2)

®Belle
+CLEOD

daldQ? (fb/GeV?)
3 g
I ‘r_,-"'" -
2
g

i

01 F '

0.01

Qz(GeV"')w
No rapid growth above Q?>9GeV?is
seen in Belle result.

~ 2.30c difference between Belle and

BaBar in 9 — 20 GeV? 68888

Fit A (suggested by BaBar)
Q?|F(Q?)] = A (Q?/10GeV?)P
BaBar:=—
A =0.182 £0.002 (£ 0.004) GeV
B =0.250.02
Belle: m—
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+0.8 GeV?
v2/ndf = 7.07/13
B is consistent with the QCD value (0.185GeV)
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